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Transposon biology — A historical perspective
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Ever since Gregor Mendel postulated hisAc), which could transpose or changetwo systems,En/l and SpmidSpm are
laws of genetics, the field of biology has positions on the chromosome. In oneidentical.
made immense progress. Beginning earlgase, she observed frequent chromosome
1900s, there was a boom period in geneticbreak occurring at thBs locus on chro-
research for over half a century. The dis-mosome-9 irAc-dependent manner. Inte-
covery of the structure of the DNA by restingly, thisDs element could move in
Watson and Crick in 1953 sowed thethe genome even to different chromoso- ) )
seeds for molecular biology, and in lessmes. In another case, ths locus seemed 1 he years following the discovery of the
than 50 years biology has evolved intoto regulate the expression of neighbour£A¢/Ds elements were marked by genetic
the genomics era. Through a steady buing genes. The change in position of thecharacterization of newer transposons in
quick progression in this field, different Ds element correlated with the expres-maize. However, there was an uncertainty
areas of research have been of foremostion of theC gene, and resulted in varie- @mong the biologists whether transposons
interest at various times. Interestingly, gation of the kernel colour. Based on herc@used alteration in phenotype of other
ever since the discovery of transposonsbservations, McClintock proposed that9€nes because they disrupt other genes
by Barbara McClintock in the 1940s, the the Ac andDs were ‘controlling elements’ PY insertion, or, they cause alteration in
study of transposon biology has undergon¢hat regulated the expression of othefPhenotype by their ‘controlling influence.
a parallel progression through these yearsgenes. When the limitations of maize genetics
This note traces the history of transposon At a time when the true nature of the !0 resolve this puzzle was clearly felt, re-
research through the genetics, moleculagene was yet unclear, and genes wer&®arch in bacterial genetics was breaking
biology and genomics era. thought to be static structure in the nucleusN®W grounds. In 1961, Jacob and Monod
McClintock’s discovery of mobile genetic Proposed the operon model for regulation
. o elements was revolutionary. Though Of expression of thg-galactosidase gene
McClintock’s discovery many scientists could realize the signifi- I EScherichia coli Here theLac | gene
cance of her observation, McClintock’s 'égulates the expression of theac-
Barbara McClintock is possibly the mOStemphasis on the role of transposablé’peroni“ trans. Based on this observa-
enigmatic of modern scientists. Thoughg|ements as regulators of gene expressiotr'ﬁonl McClintock suggested a parallel be-
she is well known for her discovery of §rew indifferent reaction from the scien- tWeen regulation of gene expression in

Controlling elements or gene dis-
ruption by insertion?

transposable elements in maize, her resjfic community. bacteria and the effect of the ‘controlling
earch interest has spanned over several elements’ in maize. However, two other
aspects of maize genetics. papers in the following years seemed to

In the 1920s during her graduate studieNew transposable elements add credence to the ‘disruption of gene
at Rollins Emerson’s laboratory in Cor- expression by insertion of the transposon’

nell, McClintock was part of a team that In the wake of the discovery #&c/Ds, model, as advocated by Peterson. First is
established the discipline of maize cyto-few more transposable element systema study on bacteriophage-induced muta-
genetics, and she characterized the tewere identified in maize. In 1936, Mar- tions in E. coli where Taylor demon-
maize chromosomes. In collaborationcus Rhoades observed frequent mutabilitgtrated that the viral episome caused
with Harriet Creighton, she observed theof anthocyanin pigmentation in the aleu-frequent mutations by inserting into the
cytological correlation for the phenomenonrone of the endosperm in Mexican Blackbacterial genome. A more emphatic support
of crossing-over. Between 1935 andcorn, giving a dotted phenotype. He de-was from the discovery of ti82insertion
1941, at the University of Missouri, Co- termined that the unstable phenotype okequences element causing mutation by
lumbia, she studied X-ray-irradiated theal gene that was responsible for theinsertion into the gal operon . coli.
maize to map genes. Here she observedleurone pigmentation was controlled by In the following decade, more trans-
ring chromosomes and her studies on dethe Dotted (Dt) gene. McClintock pro- posable elements, includin® and Tn
letion of chromosome ends contributedposed thaDt was a controlling element elements in bacteriaTy elements in
to the early understanding of telomereanalogous to th&c/Ds system, and Nuf- yeast andtopialike elementsFoldback
biology. In one of her strains, McClintock fer established that the dotted phenotypelements and® elements irDrosophila
observed spontaneous breakage and fusiabserved in Rhoades’ plants was causedere identified, mainly due to their ability
of chromosome arms, which repeatedby the activity of theDt transposable to cause mutations, rearrange the genome,
over somatic and germinal cell divisions, element. Similarly, study of the mutabi- and regulate or modify the expression of
and she described the ‘breakage—fusiontity phenomenon in maize leaf, kernel, other genes. The power of genetics in
bridge’ cycle. anther and husk by Peterson, identifiedhese systems, their simplicity and small
McClintock moved to Cold Spring theEnhancer-Inhibitor(En/l) elementat size of genome, coupled with the advan-
Harbor in 1942 and continued to use thehe pale green mutablgpg-m) locus. tage of emerging molecular techniques
‘breakage—fusion—bridge’ strains to mapAlmost simultaneously, McClintok iden- enabled the characterization of many
genes. She identified two interestingtified theSuppressor-mutatqiSpnidSpm  transposable elements at the genetic and
loci — Dissociator (Ds) and Activator element. Later it was shown that thesemolecular level.
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Molecular studies on transposons — genome stability and dynamics, and alseencode at least two genes: tii@g gene
the new era gathered knowledge on how in certainencodes a capsid-like protein and po¢
instances the transposon sequences cogene encodes a polyprotein with various

Though evidence from transposable eletribute to some cellular functions. In activities, including protease, reverse
ments from other systems were in favouraddition, we have managed to engineetranscriptase, RNaseH and integrase.
of the insertion model of mutagenesistransposons to serve as tools in functioL TR elements are further classified into
and gene regulation, the maize elementsal genomics research. The vastness dfopialike andgypsylike elements. The
were still considered to be ‘controlling the knowledge we have accumulatednon-LTR retrotransposons lack the long
elements’ for lack of direct molecular makes it impossible either to trace it in aterminal repeats; instead they terminate
evidence from the maize elements. chronological order or to dwell in detail by simple sequence repeats. They are di-

The early 1980s was a significant periodon any topic. Therefore, the diversity of vided into two: long interspersed nuclear
for transposon biology. In 1983 came thetransposable elements, and a brief sumelements (LINES) and short interspersed
first evidence that insertion of@s ele- mary of our understanding andility of  nuclear elements (SINES). Their coding
ment caused a mutation in tAedhlgene transposons gathered in this period igegions include agaglike protein, an
in maize. This was followed by the clon- presented in nutshell. The reader is reendonuclease and reverse transcriptase.
ing of Ac and therDs element from the quested to refer specialized literature forAll SINES described yet have an internal
maize waxy gene. The same vyear detailed discussion on these topics. RNA pollll promoter near the'fend.
McClintock was recognized with the Some of the SINE elements share homo-
Nobel Prize for the discovery of trans- . . logy with certain LINES at the'3ail se-
posable elements made about 40 yearlransposon diversity qguence, and could parasitize on their
earlier. . _transposition machinery.

The cloning and molecular studies onPUring the early days of transposon bio-

the maizeAdDs transposon were followed 09Y: transposons were classified into lass 2
by characterization of several transposon{W0 — @utonoumous and non-autonomoué>lass

from various organisms. A significant elements. Autonomous elements are those o _
breakthrough that spiced up transposoﬁhat encode functlor_lal transposaso_and‘he prokaryotic msertlon_sequences (5]
research at this juncture was the identifi.other factors essential for transposition.elements) and eukaryotlc DNA trans-
cation of retrotransposons in yeast. For gvhereas non-autonomous elements_lacloosons Fransp_ose by direct cu_t-and—pa_ste
long time, the similarity between the ON€ Or more of the molecules requiredmechanism without any RNAl_ntermedl-
copia elements obrosophilaand retro- for transposition and therefore cannotate. The transposase recognizes the ter-
viruses had been well known. A. J. Elay-transpose independent of the correspondninal inverted repeat sequences (TIRs)
ell isolated extrachromosomal linear N9 @utonomous element. on either ends of the transposable ele-
copia elements, and J. D. Boek al. In the early 1980s, the odven_t_of mole-ment, cuts i_t out and inserts at a new site.
proved that th@yH3 element transposi- cular techniques enablod |dent|f_|cat|on ofln order to insert the transposon_, a stog-
tion in yeast passes through an RNA in."€Wer transpos_ons, which required clasgered cut is mado at the target site which
termediate. These two papers estabnshealflcatl_on on different parameters. _E_u-causes_ dupllcotloo of a few _bases—
that a class of transposons transposed vi_léaryotlc transposons are now classifiedtarget site oupllcatlon (TSD), which now
an RNA intermediate. Soon retrotrans-Nt0 two classes based on whether transflank the inserted element. When the
posons were reported in other organisms?osmon involves an RNA intermediate transposon is excised, the flanking direct
not. repeats are joined to leave a ‘footprint’.
DNA transposons are grouped into several
superfamilies and families based on se-
cular stamp collecting’ of transposabIeCIass 1 guence similarity, length of the TIRs, and
elements, but opened up newer avenues _Iength of t_he TSDhAT, CA_CTA Mutator,
of research. Advancements in moleculalh Class 1 transposons, the transposon iBIF/Harbinger, Tcl/mariner are well-
techniques and the emerging genomic§ranscr?be‘j into RNA, which is reverse- represe_nted class 2 transposable element
tools enriched our understanding of thetranscribed by the transposable elementgroups in eukaryotes.

function and complexity of the genomes®ncoded reverse transcriptase. The
of eukaryotes, and the effect of trans-CDONAis inserted at different loci by the
posons on genome complexity. transposase. Class 1 elements are ald§ewer transposons

called retrotransposons, and include both

autonomous and non-autonomous eleThe advent of the genomics era has intro-
The 1990s — molecular era and ments. duced a few new transposon families.
genomics era synergy Retrotransposons are further classified

as LTR elements and non-LTR elementsMITES: Miniature inverted-repeat trans-
Transposon biology has seen tremendoubased on their transposition mechanisnposable elements (MITES) were first
advancement in the past 15 years. Wend structure. LTRs are named after thedentified a decade ago through computer-
have identified new transposons, under-Long Terminal Repeats’ in direct orien- assisted searches for repeated sequences
stood the mechanisms of transposition atation at either end of the transposon.n the grass genome. These elements are
the molecular level to some extent, stud-The LTRs bear structural similarity to characterized by their very small size
ied the effect of transposition on the hostretroviruses. The autonomous elementgless than 600 bp) and terminal inverted

including plants.
Towards the end of the 1980s trans-
poson biology was not limited to ‘mole-

1022 CURRENT SCIENCE, VOL. 93, NO. 7, 10 OCTOBER 2007



HISTORICAL NOTES

repeats. MITES are abundantly representhe genome. Non-standard transpositiorbeen going on for over 25 years. But, of
ted in the genomes of plants and animalsteaction at reversed transposon ends hdate a synthetic view of mutualistic rela-
and are mostly inactive, although activebeen shown to result in the formation oftionship between the host genome and
MITES have been reported in rice. chimeric gene in maize. transposable elements, tipping towards
parasitic relation in some cases, has been

Helitrons and polintons: These DNA suggested.

transposons were identified by computa-EffeCts of transposon on the host
tional analysis of genome sequence of

different organisms. Helitrons are pre- 17@nsposon activity in the cells results inTransposon as tools in functional

sumed to transpose by rolling circle rep-increased mutation rates and enhancegenomics
licon, similar to some plasmids, bacterialth® adaptation of the organism to chang-
IS, single-stranded bacteriophage, andnd environments. Transposons can inacAlthough the goal of fundamental research
plant geminiviruses. Polintons are yettlvate_ or altt_er the expression genes wheiis tq gain knowledge, often it leads to
another new type of DNA transposonsthey insert into the coding region or theap_pllcatlons that fuel the adv_ancement of
discovered recently by computational regulatory elements of_ genes, and th_erebymenc_e and technology. This has been
analysis of genome sequences. Polinton&Ct s a source of variation in organismstrue with transposons biology too. Trans-
are widely found in several invertebrate Transposable elements could contributgposons have been widely used to cause
and vertebrate genome sequences, ari@ ePigenetic silencing of flanking genesmutations in genes by insertion, which
even protists and fungi, but are not foungvhen they are targetted for_methylatlonhas helped us |dent!fy and characterize
in the mammalian genome sequence. ThBY th_e hos_t defense m_echan|_sm._TranspcBeveraI genes. For mstance_e, tAe/Ds
predicted mechanism of polinton trans-SON insertions result in duplication of atransposon system from maize has been
position is the most complex known for Short sequence at the target site, which issed in several heterologous systems, in-
any eukaryotic DNA transposon, where aS€€n as a footprint’ after excision of the cludingArabidopsisto generate libraries
single strand of the transposon is excisedé/ément. Such footprint could modify the of insertional mutants, thereby simplify-
the second strand synthesized and th@€ne coding sequence as shown in theng mapping of the mutant gene. Trans-
transposon inserted in the host genomeSase of théAscottransposon from\. im-  posons have also been used in enhancer
Because of the novelty of the mechanisni"ersus Here, integration of the transpo- trap and promoter trap constructs to help
of transposition, helitrons and polintons SON into theb2 spore colour gene led to identify enhancer and promoter elements
cannot be clearly placed in any of thecolourless spores. The type of footprintin the genome. Aberrant transposition re-
above mentioned classes. produced upon excision varied and dif-actions cause genome rearrangements
ferent types of revertants were obtainedike deletion, inversion and translocation.
with speckled, banded, spread, blotchy oiThe deletions caused by such a transposi-
Role of transposons in genome double-belted spore phenotypes. tion could be useful in knocking out a
rearrangement There are also examples where transfew genes, and in studying the effect of
posons are directly involved in the host-alteration in gene dosage. Such rearrange-
The role of transposons as an insertionatell functions. RetroposondeT-Aand ments are also useful in studying the
mutagenic agent is well documented. INTART in Drosophila have been impli- function of chromosomal elements such as
addition, transposons play a significantcated in the rescue of damaged telomerethe centromere and neocentromere. Fur-
role in various kinds of genome re-and chromosome-end maintenance. Trangher, transposons have been used as gene
arrangements. It has been shown that thposons sometimes contribute to the fortherapy vectors in mammalian cells.
repair mechanism following double-strandmation of introns, or promote exon-
break caused by transposon excisiorshuffling. InArabidopsis it appears that
could lead to intrachromosomal or ectopicthe transposomAYSLEEPEFRhas been What is ahead?
homologous recombination. In atidn, domesticated by the host to regulate
transposon sequences distributed all oveglobal gene expression and is essentiaDne key feature of progress in science is
the genome could provide sequence hofor normal plant development. Retro- it that is unpredictable. However, it is
mology for ectopic recombination. In a transposition of an engineered humarnempting to project certain outcomes
normal transposon, the transposase reaetrotransposorLinel in rat neuronal based on the current trend in this field. In
ognizes the TIRs at either end of theprecursor cells has been shown to influfact, research is ongoing in some of these
element. If the transposase recognizegnce the expression of neuronal geneaspects and the results could be realized
two TIRs that are reversed or in directand influence neuronal cell fate. In pri-in just a few years.
orientation in reference to each other,mates, fusion of the transposase domain As the whole genome sequence from
such non-standard or aberrant transposief a mobile element to a histone methylmore organisms become available, it
tion reaction could lead to chromosometransferase gene is supposed to haveould enable us mine out newer trans-
breakage, inversions or deletions in thegiven rise tcSSETMAR a chimeric gene. posons. How many of these will be active
genome. In fact, chromosome breakage Transposons sometimes seem to bé an open question. However, with the
caused by an aberrant transposition of &eneficial to the host and are considereduccess in resurrection of two synthetic
Ds element on chromosome-9 in maizeas ‘pacemakers of evoluton’; while in transposons Sleeping beautgndFrog
led to the identification oAd/Ds elements other instances they are likely parasiticprince, reconstructed from inactive trans-
by McClintock. Such rearrangementsor ‘selfish DNA’. The debate whether posons in fish and frog genome respecti-
have considerable impact in restructuringransposons are ‘angels’ or ‘imps’ hasvely, it is likely that more inactive
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transposons could possibly be engineerechammalian gene transfer gives the hopeomments on the manuscript. Research in Dr
to activity. These newer transposons willthat we are not far from the day whenPeterson's lab, Department of Genetics, De-
enrich the geneticists’ tool kit for func- transposons could be used for precise invelopment and Cell Biology, lowa State Uni-
tional genomics. A deeper insight into tegration of transgene at a specific targeYe'sity. Ames, lowa, USA, is supported by
the mechanisms of transposition couldsite, in both plants and animals. Evidently,32nts from the NSF. 1 apologise for not in-
help us engineer precise deletions, invertransposon biology holds a lot of promis.eCIUdIng a comprehensive list of references for

. . all the research discussed here, due to space
sions and other rearrangements in thédor the years to come. limitations. A short list of references for fur-

genome. The most significant application ther reading is suggested here. However, the

would be precise integration of the transp o commended reading reader may contact me for a comprehensive
poson at a defined target sequence. Cur- list of references.

rent techniques for generating transgeni
p""?”.ts s_uffer fr.o”.‘ poor gene targetting (The life history of Barbara McClintock is
efficiencies. Similarly, our effort for described here.) : : _ _
efficient delivery and integration of gene > peterson, P. AMaydica 2002,47, 147— Lakshminarasimhan Krishnaswamy did
therapy constructs in mammals is also 167: 200550, 321-338. his graduate studies from the Department
plagued with problems. Viral vectors are3. Craig, N. L.et al. (eds),Mobile DNA I,  Of Genetics, Development and Cell Bio-
efficient gene therapy vectors, but they AMS Press, 2002 (Reviews on various as-logy, lowa State University, Ames, lowa
often lead to immunological complica- pects of Mobile DNA elements, including 50011, USA. He is currently at the Divi-

tions, or genotoxic effects due to non- transposons.). sion of Biological Sciences, University of
specific integration. Recent success in the Missouri — Columbia, Missouri 65211,

use of the transposor&leeping beauty ACKNOWLEDGEMENTS. | thank Dr Tho- USA.
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CURRENT SCIENCE

Display Advertisement Rates

http://www.cshl.edu/History/mcclintock.html

India
Tariff (rupees)
Inside pages Inside cover pages Back cover page
No. of
insertions Size B&W Colour B&W Colour B&W Colour
1 Full page 10,000 20,000 15,000 25,000 20,000 30,000
Half page 6,000 12,000 - - - -
6 Full page 50,000 1,00,000 75,000 1,25,000 1,00,000 1,50,000
Half page 30,000 60,000 - - - -
12 Full page  1,00,000 2,00,000 1,50,000 2,50,000 2,00,000 3,00,000
Half page 60,000 1,20,000 - - - -
Foreign
Tariff (US $)
Inside pages Inside cover pages Back cover page
No. of
insertions Size B&W Colour B&W Colour B&W Colour
1 Full page 300 650 450 750 600 1000
Half page 200 325 - - - -
6 Full page 1500 3000 2250 3500 3000 5000
Half page 1000 2000 - - - -

Note: For payments towards the advertisement charges, Cheques (local) or Demand Drafts may be drawn in favour
of “Current Science Association, Bangalore”.

Edited and published by P. Balaram, Current Science Association, Bangamas0.
Typeset by WINTECS Typesetters (Ph: 2332 7311), Bangalore 560 021 and Printed at Lotus Printers, Bangalore (Ph: 2320 9909)

1024 CURRENT SCIENCE, VOL. 93, NO. 7, 10 OCTOBER 2007



