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28 1. Pioneering studies of repetitive DNA in bacteria genetic elements, or MGEs, plus 18% in unsequenced
29 heterochromatin regions composed largely of tandem repeat
30 Maurice Hofnung’s science was characterized by pene- arrays; see Fig. 1)i[I]. 86
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trating thoughtfulness and the courage to pursue unfashion- In this article, | will write in defense of repetitive DNA s7
able topics. Maurice was one of the first to introduce compu- @nd attempt to explain why it is an essential component
tational genomics to the Institut Pasteur, and his laboratory Of the genome. In fact, thinking about the role of repeates
discovered the first class of complex repetitive DNA el- Sequence elements leads us into a 21st Century view of
ements in bacterial genomes, the BIMEs (bacterial inter- 98nome function and opens up new ways of thinking aboet
spersed mosaic element8)q]. Recently, | had the privilege the evolution of genomes as complex information systenys
of co-editing a special issue of Research in Microbiology (Table 1). 93
with Maurice on microbial DNA repeatd {J. o

When Maurice began his work on repetitive DNA, this . N %
was far from a fashionable subject. Orgel and Crick had 2- Functional rolesof repetitive elements %
recently coined the term “junk DNA’ to describe the excess, _ ¥
supposedly non-coding DNA that did not directly determine ~ Our understanding of the roles played by repetitives
the primary sequences of RNA and polypeptide chaik [ elements_ extends back to t_wo seminal eplsqdes in the histosy
Unfortunately, this term has stuck in the minds of many of analyzing genome function: The elaboration of the operomo

biologists and geneticists, despite the fact that it was basedMCdel for control of transcriptionlP] and the recognition 101
purely on ignorance and failed to take account of an existing that distributed repeat sequences can form the physical basis

literature that documented many examples of specificity and fOr integrated genomic network8][ Fig. 2 summarizes the 103
function for repetitive DNA sequences. Today, this attitude MNiStory of how we have successively conceptualizedadbe 104
is changing due to the accumulation of new information CPEron as it was deconstructed from a single point on s
about repetitive DNA. The most important event was the 9€N€lic map into an interactive system of regulatory ando

publication last year of the draft human genome, showing Protéin-coding components. o

that less than 5% comprises protein-coding exons and well The key advance in our.think.ing was the identificatiorios
over 60% is highly repetitive (43% in dispersed mobile ©f the operator (O) as a cis-acting site where the repres»

sor recognizes the DNA, quite a different entity from theo
classical notion of a “gene” encoding a product related tot
E-mail addressjsha@midway.uchicago.edu (J.A. Shapiro). a specific phenotype. Today, our understanding of how thez
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Fig. 1. Dispersed and tandem arrays of repetitive DNA elements.

Table 1
A summary of the overall argument
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e The genome has multiple functions and uses multiple sequence codes to carry them out
e Genomic coding involves multicomponent systems, not units 66
o Repetitive sequences provide common signals for interaction with proteins and RNAs at distinct genomic locations, thereby integratingairiottple lo

65

[
o

u genome-wide systems 67

12 e Functional and computational formatting by repetitive DNA elements defines a genome system architecture for each taxon 68

13 e The systemic nature of genomes implies that functional changes occur chiefly by rearrangement of modular components 69

14 o Cellular natural genetic engineering functions carry out regulated, non-random DNA rearrangements to generate new functions and new system
architectures

[
o

71
72
73
In addition to MGEs and computationally/functionallyzs
organized protein binding sites, repetitive DNA comes ins
a wide variety of sizes and arrangements. Some of these
' I 1961 are similar to the dispersed repeats discovered in Maurice'’s
laboratory and described by other articles in this issues
| 03 crP P o% z A major class of repeats consist of simple sequence repeats
1= = T 1990 (SSRs) arrayed in tandem. SSRs and other tandem arrays
_ _ o , _ include basic units that range in size from one or two basg
Fig. 2. Steps in the historical deconstruction of aeoperon from a point . . . .
on a genetic map in 1947 to our current view of an integrated system of pairs (homopolymeric tracts qnd dinucleotide r.epeats) up to
regulatory and coding sequences. Protein binding sites are underlined. sedh€ several hundred base pairs that characterize the tandem
Refs. [L2,30-32 for details. repeats surrounding the centromeres of most eukaryotic
chromosomes3?]. These highly regular sequence structuress
genome functions is based largely on the notion that theregenerally assume a different conformation from the less
are many such cis-acting sites carrying codes for genomeregular regions of the genome and have profound effects
interaction with other cellular components, such as the on transcription and other aspects of genome function. ka
DNA replication, chromosome segregation, and transcrip- eukaryotes, regions rich in tandemly repeated DNA elements
tion complexes. form heterochromatin3?). 90
Thelac operon illustrates in a simple and direct way how  Living cells use repetitive DNA sequences in various:
each genetic locus is organized to facilitate cellular compu- ways to affect the expression of coding sequences. ba
tation about genome functioning, in this case making the de- bacteria, many organisms with reduced genome size use
cision when to transcriblacZYA By virtue of a network of ~ recombination and changes in the size of repeat arrays 4o
cell-wide connections between DNA sites and cellular activ- alter the nature and level of expressed proteins (Table 2). o5
ities for transporting and metabolizing sugars and ATP, the  In eukaryotes, repeated DNA sequences have similer
Escherichia colcell is able to discriminate between glucose effects on protein synthesis. The effects of SSR expansion
and lactose and compute the following algorithm: “IF lac- and contraction are to “tune” the level of expressigh,p]. s
tose present AND glucose not present AND cell can synthe- Longer repeat arrays inhibit expression, while contractios

o In the 21st Century, systems engineering will become our chief metaphor for genome reorganization in evolution
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44 size active LacZ and LacY, THEN transcritecZYAfrom of the array relieves inhibition. This effect is becomingtoo
45 lacP" [31]. As Britten and Davidson recognized]|[ multi- more widely known through certain inherited human disease:
46 ple copies of cis-acting sites could create control networks states which result from loss of function when repeat arraysz
47 leading to the integration of many genetic loci into coordi- expand. 103

I
®

nately functioning systems. The iteration of the CRP bind- The consequence of placing many genetic loci neap4
ing site for the cAMP receptor protein is a good example. repeat-rich heterochromatic regions is to shut off expressiosp
SinceE. coli cells use the level of intracellular cAMP as a during development, a phenomenon known as “positioms
molecular indicator of the availability of glucose in the en- effect variegation”81,33. The position effect literature was 107
vironment, genetic loci containing CRP are integrated into long considered to be a curiosity of little relevance to theos
a sophisticated regulon capable of responding to changes irmainstream of genetics, but nowadays position effect is seen
carbohydrate metabolism. Eukaryotic development providesas one example of epigenetic control of genome expressiome
even more elaborate illustrations of combinatorial complex-  Itis clear that repetitive DNA elements play a major rolei11
ity and computational sophisticatio81,33. in the control of how RNA and protein coding information112
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1 Table2 57
2 Some functions of bacterial repeats in regulation of protein synthesis 58
3 CRP sites Coordinate regulation in response to glucose metabolism 59
4 Promoters Coordinate regulation in response to sigma factors 60
5 Dam methylation sites Regulation of promoter activity (Tn10), fimbrial phase varidoro{i; Salmonella[2,21] 61
6 Homopolymer tracts Tuning of promoter activityN.( meningitidi3 [26,33; phase variation of surface proteins, polysaccharide 62
. biosynthetic enzymes, restriction and modification protein€ampylobacter jejun[15], N. meningitideq23, 6

24,27
8 Tandem pentamers Opacity protein phase variation by array size in coding sedueisser(a [13] 64
9 Tandem heptamers Adhesin phase variation by array size in pronibtefluenzag[5] 65
10 DHS (200 bp), 17-18 bp repeats Vmp antigenic variation by expression site switunmgl{a) [1,34 66
" NIMEs (dRS, RS), Sma/Cla repeats  Pilin antigenic and phase variation by gene convdesgseiia [23,27 67
" vis (35 bp) Vsp phase variation by site-specific inversigh lfovig [16] o8
13 69
14 Table 3 70
15 Some genomic functions of repeat elements in bacteria 71
16 DNA uptake sequences Permit intrageneric transformati@isceria Haemophilu[10,23 72
17 chi and chi-like sequences Initiation of homologous recombination for double-strand break repair, integration of exogenous sequenges,

18 rearrangementsL]) 74
10 Tandem repeats Replication origiris 19 75

Dam methylation sites Methyl-directed mismatch repair; segregation of newly replicated oriC sequeficethibit transposase action
20 (Tn10) 76
21 Telomeres Maintenance of linear replico®(relia) [7,39 77
22 IS elements Integrate laterally transferred DNA; mobilize resistance, catabolic and other determinants to new lécefions [ 78
23 59 bp elements, VCR elements  Insert and remove cassettes from integrons in plasmids, transposons, build multicistronitOpperons [ 79
24 80

25 is read from genome sequences. But coding is only one ofvariously formatted chromatin), whole chromosomes, ant
26 many functions the genome fulfills in the information econ- dispersed multilocus systems throughout the genome. Tke
27 omy of the cell. One of the best metaphors for the role second essential feature is that all of this modular, hierarch#
28 the genome plays is to consider it the long-term informa- cal organization is formatted by repetitive DNA elements ir§*
29 tion repository of the cell and to think of DNA as a data a way that was predicted by Britten and Davids@phljut 85
30  storage medium that must be dynamically accessed, repli-which is far more involved than they could have anticipateéf
31 cated, proofread, repaired, packaged, transmitted, and rein the 1960s. 87
82 programmed when necessary. These processes each employ Another important fact about repetitive DNA is that it88
33 their own distinctive genetic codes, comprised of signals that is the most highly variable, and consequently the mog®
34 are generally present many times within the genome. As in taxonomically specific, component of the genome. Specié€%
35 electronic information systems, the various files have to be that may be highly related in their protein coding DNA®:
36 tagged with content-independent identifiers for access, erroroften differ markedly in their repetitive DNA content. For 92
37 correction, accurate data transmission and for storing newexample, each order of mammals shares largely the sasie
38 information and programs. In bacterial genomes, which are set of proteins, but they contain quite distinct collectiong?
39 often cited as being free of repetitive DNA, as well as in of tandemly arrayed centromeric repeats and disperséd
40 eukaryotes, these systemic aspects of functioning involvereverse-transcribed SINEs (short interspersed nucleotiéfe

41 repetitive sequences (Table 3). elements) 31,33. Thus, the easiest way to identify a?®7
42 mammalian cell culture is by examining its content ofs
43 centromeric satellite DNA or SINE elements. The specificity®
44 3. Taxonomic specificity of repetitive DNA, genome of repetitive DNA is so exquisite that examination of100
45 system architectureand their significance for evolution microsatellite SSR repeats forms the basis of forensic DNA&?
46 analysis for identifying individuals. It is not by accident102
47 The aspects of genome organization sketched out abovehat Maurice and Agnes Ullman took out a patent for usinge3
48 and elsewhere3[l,37 involve two essential features. The DNA repeats as a diagnostic tool for identifying bacteriato4
49 first one is that all genomic elements, down to the level cultures. 105

5o of the individual nucleotide pair, constitute multicomponent  Given the many genomic roles played by repeat elements
51 systemsThis generalization applies to protein coding se- and considering their taxonomic specificity, it is not hard tao?
52 quences (systems of triplet codons arranged into higher or-see that changes in repetitive DNA can be linked to the fotes
53 der regions encoding evolutionarily mobile domains), cis- mation of quite distinct groups of organisms. In the case afe
54 acting regulatory sites (systems of nucleotides and organizedhe centromeric DNA repeats, such a connection betweet®
55 motifs), genetic loci (systems of regulatory and coding re- phylogenetic divergence and alteration in repeat DNA con1
56 gions), chromosome domains (systems of genetic loci andtent is obvious. Similarly, different species and genera mayz
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Table 4 chromosome healing and transposable elements to an extent

Implications of genome system architecture for evolutionary change that could never have been predictdd][ All sequenced s
o Novelty arises by rearrangement of modular components (Lego-like) ~ Organisms contain biochemical systems for repairing ared
o Important effects of changes in repetitive “non-coding” DNA recombining their genomes, and it is only a small minorso
« Systemic changes in genomes (reformatting, creation of new ity of highly specialized bacterial parasites that lack active

mult-locus systems) MGEs. Thus, we can say that all cells have the capacity fe?

natural genetic engineering, and the full potential of thess
share virtually all their proteins but differ markedly in the processes includes exactly the modular rearrangement fure-
way those proteins are expressed during development or intions needed for rapid evolution of genomic systems, sules
response to outside cues. These differences often result fronsystems, and overall system architectures (Table 5). 66
altered regulatory configurations, either novel combinations ~ Examination of sequenced genomes provides abundant
of transcriptional control signals or differences in chromatin evidence for the activity of natural genetic engineerings
formatting. In both cases, we have seen that such adaptivelyfunctions in evolutionary history. There are multiple drug?®
significant changes can result from redistribution of repeti- resistance determinants (plasmids, transposons, integrors)
tive elements. and pathogenicity islands in prokaryotes, regulatory regions,
From the foregoing, it may be argued that repetitive DNA gene family amplifications, segmental duplications, antk
formatting of essential genome functions is a major aspect ofeven the appearance of new exor&)][in eukaryotes, 73
defining agenome system architecturkaracteristic of each  all resulting from the action of MGEs or other DNA 74
taxon. The idea of a system architecture self-consciously re-rearrangement activities (summarized in Rel, 7). In 75
calls the differences between system architectures in com-prokaryotes, the rearrangements typically involve DNA76
puter operating systems. The various architectures generallybased elements, while retroposon-based functions appearto
accomplish the same tasks, but they organize and controlboe more common in mammals and other higher eukaryotes.
them differently. In the same way, different cells and or- The factthatthe human and other genomes contain dispersed
ganisms can use distinct architectures to accomplish parallelMGEs as a very high percentage of their total DNA conterso
goals. For example, bacteria with larger genomed (MB) means that these genomes were constructed to a very
tend to use regulatory proteins to control the variation in large extent by bursts of transposition and retrotranspositiéa
protein expression, while bacteria with smaller genomes events [1]. The taxonomic specificities of the MGEs ands3
(< 2 MB) have relatively fewer regulatory proteins and of- other DNA repeats means that such bursts have occurred
ten use expansion and contraction of tandem repeat arraysepeatedly in evolution. 85
for the same purpose (Table 2). The fact that much (probably the vast majority) of sig-8s
Looking at the growing database of whole genome nificant evolutionary change in genomes results from th&
sequences, it is apparent that some of the most basic genetiaction of cellular biochemical complexes has profound imss
changes in evolution occur by reassortment of componentplications for understanding how organisms create genore
genomic modules rather than by the accumulation of large novelty. Instead of change due to stochastic, random events
numbers of localized changes in base sequence. Differencesnd replication errors (all of which are subject to proofread
in repetitive DNA content and regulatory regions have ing and repair), we now see DNA reorganization as a cedt
already been mentioned. A great deal of attention is now biological process, in which the synthesis and activity ofs
being focussed on segmental duplications in genomes whichthe responsible biochemical functions can be highly regyg4
range in length from a few thousand to many millions lated. Thus, change can occur episodically, when it is most
of base pairs32]. Even at the level of protein evolution, needed, by response to challenge and stress. An examgle
the dominant processes appear to be domain swapping ands the adaptive mutation phenomenon, first described in%a
domain accretion to generate molecules with novel functions bacterial system involving genetic fusions mediated by the
and specificities J1]. This kind of Lego-like process is transposable bacteriophage Mu (Fig. 39 [3d. From stud- 99
exactly what the concept of genome system architectureies of Mu-mediated fusions and other adaptive mutation syseo
predicts (Table 4). How does it fit with other lessons from tems, itis becoming clear that cellular control functions suck
molecular genetics? as RpoS sigma factor, CIpXP and Lon proteases, CRP activaz
tor protein, and the SOS regulon respond to oxidative starvas
tion conditions and activate various natural genetic engineep4
4. Natural genetic engineering — cellular control of ing activities, including MGEs and mutator polymerases, teos
genomereorganization produce a hypermutable state4[25. Analogous cases of 106
stress- and hybridization-induced activation of natural geo?
One of the major discoveries of molecular genetics has netic engineering functions in vegetatively and sexually rews
been the universality of cellular mechanisms for repairing, producing eukaryotes are well documented and have been
mutating and rearranging DNA. The series of discoveries summarized elsewher&]]. 110
that followed from analysis of induced and spontaneous mu-  Not only does natural genetic engineering introduce teniit
tagenesis extended McClintock’s pioneering observations onporal specificity into the process of genome change. The2
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1 Table5 57
2 Some natural genetic engineering capabilities (see R&ff¢r detailed citations) 58
3 DNA reorganization DNA rearrangements carried out 59
4 functions 60
5 Homologous recombina- Reciprocal exchange (homologous crossing-over); amplification or reduction of tandem arrays (unequal crossing-oér);
6 tion systems duplication, deletion, inversion or transposition of segments flanked by dispersed repeats; gene conversion 62
7 Site-specific recombina- Insertion, deletion or inversion of DNA carrying specific sites; serial events to build operons, tandem arrays 63
8 tion 64
0 Site-specific DNA cleav- Direct localized gene conversion by homologous recombination (mating type interconvers®ncerevisiag create 65
age functions substrates for gene fusions by NHEJ (VDJ recombination in the immune system)
10 Non-homologous Precise and imprecise joining of broken DNA ends; create genetic fusions; facilitate localized hypermutation 66
1 end-joining (NHEJ) 67
12 Mutator polymerases Localized hypermutation 68
13 DNA transposons Insertion, excision; carry signals for transcriptional control, RNA splicing and DNA bending; non-homologous rearrangensnts
14 of adjacent DNA sequences (deletion, inversion or mobilization to new genomic locations); amplifications 70
15 Retroviruses and other  Insertion and amplification; carry signals for transcriptional control, RNA splicing and chromatin formatting; mobilization gf;
16 terminally repeated sequences acquired from other cellular RNAs 79
retrotransposons
1 Retrotransposons Insertion; amplification; carry signals for transcription and RNA splicing; reverse transcription of cellular RNAs; insertion &
18 without terminal repeats the cDNA copies; amplification and dispersal of intron-free coding sequences; mobilization of adjacent DNA to new locatidiis
19 (e.g., exon shuffling) 75
20 Terminal transferases Extend DNA ends for NHEJ; create new DNA sequences in the genome 76
21 Telomerases Extend DNA ends for replication 77
22 78
23 200 7 79
24 w 80
25 araB Mu ctsé62 prophagqu1SIaCZ 2 MCS2 (2 subclones) 81
BN ' o

26 g 82
27 MuA, IHF, HU | CIpXP, Lon,c%,Crp  § 83
28 2 100 84
2 araB lacZ s o
30 S 86
31 87
32 araB-lacZ fusion MCS1366 (4 subclones) 88
33 0 89
34 0 10 20 90
35 Days/32 91
% Fig. 3. Adaptive mutation in the Mu-mediatedaB-lacZ fusion system developed by Casadabafl.[The left panel summarizes the process of fusion92
87 formation, and the right panel illustrates the kinetics of appearance of fusion colonies on selection plates for strain MCS2 (with MuA tran.mnease)gﬁ
38 for strain MCS1366 (lacking MUA transposase). The DNA rearrangements creating fusions require the MuA, IHF and HU Bfjtéiosvation of MUA 94
39  expression by aerobic starvation on selective medium and subsequent fusion formation take several days and require the ClpXP and Lon prptasesyzhe R
40  Sigma factor, and Crp proteiri4]. The absence of fusion colonies in the first five days of incubation demonstrates that fusions do not occur during nggmal
a growth of MCS2 cultures but must be triggered by aerobic starvation under selective condifipns [ 97
42 98
43 process is inherently non-random. Even with targeting, by NHEJ functions in novel combinations. Targeting of S0ggq
4« the movement of a defined segment of DNA, such as a matic hypermutation to particular regions of immunoglobuzg,
45  proretrovirus containing complex transcriptional and post- lin coding sequences also appears to involve a coupling with,
46 transciptional control sites, is far from a random event. transcription. In an analogous fashion, there is accumulat,
47 Moreover, we know that natural genetic engineering proces- ing evidence that various MGEs (homing introns, yeast Ty
48 ses can be specifically activated and targeted to particular ge-elementspProsophilaP factors) use site-specific endonucle1os
49 nomic sites for a defined purpose because our lives dependases, transcriptional control molecules, and chromatin fofes
so  uponit—the DNA rearrangementsin the lymphocytes which matting to target their non-random alterations of genomiwms
51 produce antigen recognition molecules are controlled in just information (summarized in Ref3p]). 107
52 this way B2]. Targeting in immune system rearrangements  The activation and targeting of natural genetic engineeres
53 appears to depend upon two factors: The presence of speing functions invalidates the assumption that each geneti®
54 cific recognition signals for the RAG1,2-transposase and achange is a rare, unique event independent of every othes
55 coupling between transcription and the formation of double- change. For example, activation of a specific class of MGEs\:
56 strand breaks in DNA regions which will be joined together such as P factors iDrosophilahybrid dysgenesisj[l], leads 112
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1 Table6 57
2 21st Century perspective: Evolution as systems engineering 58
3 e Major evolutionary change by rearrangement of pre-existing modules: 59
4 — following duplication 60
5 —in the “facultative” R & D sector of the genome (M. Golubovsky, A. Katzenellenboigen) 61
6 — functional significance of changing repetitive DNA 62
; e Large-scale genome reorganization by activation of natural genetic engineering systems in response to major challenges—i.e., rapid, reygsodic %Qa
throughout the genome during periods of crisis
8 e Targeting of DNA changes to particular regions of the genome, thereby enhancing the probability of generating useful new multi-locus systems 64
9 o Natural selection eliminates misfits after episodes of genome reorganization 65
10 e Fine-tuning of survivors carrying novel genomic systems by micro-evolution 66

[
[

67

68
to a temporally coordinated series of mechanistically simi- ated topic of repetitive DNA elements in tke coligenome.

lar mutations. Such mutations distribute a well-defined set | learned a tremendous amount about the French mode gf
of DNA signals to different locations in the genome. When scientific reasoning and the Cartesian tradition from Mau;
synchronous mutational events are combined with targetingrice. In gratitude for those lessons and for decades of unfail;
to regions of the genome that share transcriptional controling friendship, | feel privileged to contribute to this Sympo-,,
signals, the mechanistic basis exists for functionally coordi- sium in memory of a truly creative scientist.
nated changes at diverse locations throughout the genome.

In this way, the non-random behavior of natural genetic en-

gineering functions provides a way to begin thinking about References
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one of the major problems in evolutionary theory: The rapid
invention of complex adaptive systems involving the prod-
ucts of multiple genetic loci.
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5. Conclusion: A 21st Century view of evolution

It is clear from the foregoing discussion that experience
with repetitive DNA and mobile genetic elements leads to
some fundamentally new ways of thinking about basic is-
sues in genome function, genome organization and genome
evolution. | expect that the 21st Century will adopt a very ]
different pe_rspectlve on the, e_VOIUtlonary process F:ompared Orejas, Replication and control of circular bacterial plasmids, Micro™°
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For both personal and scientific reasons, | will always as- ~ (BIME), Nucleic Acids Res. 19 (1991) 1375-1382. 98
sociate the memory of Maurice Hofnung with two funda- [10] M. Hofnung, J.A. Shapiro (Eds.), Research in Microbiology, speciakg
mentally important aspects of genomes that were completely ~ G0UPI® issue on repetitive DNA sequences in microbes 150 (9-10),,
unant!mpated when we .began. our _adVemU"es n _m0|eCU|ar[11] International Human Genome Consortium, Initial sequencing an&’!
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