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Unity in Transposition Reactions these flanking gaps. The resulting product, 
in which the retroviral DNA is covalently 
joined to the target DNA, is called a simple 

Nancy L. Craig insertion (see figure). 
In the case of bacteriophage Mu replica- 

tion, the phage DNA is embedded in host 
chromosomal DNA. DNA cleavage reac- 
tions executed by MuA protein, the Mu-en- 

T h e  process of transposition, in which Retroviral integration (1 -3) and the rep- coded transposase, introduce single-strand 
pieces of DNA move around the genome, lication of phage Mu (1, 2,4) exhibit break- nicks at both tips of the element. These 
was made famous by Barbara McClintock's age and joining at only the 3' ends of mo- cleavages cleanly expose the 3'-OH ends of 
discovery of "jumping genes" and the sur- bile elements. In retroviral integration, the the transposon, separating them from flank- 
prising plasticity of DNA (1 ). Other bio- viral RNA genome is converted to double- ing bacterial DNA but leaving the trans- 
logical transactions also make use of this stranded DNA by reverse transcription. poson covalently linked at its uncleaved 5' 
process: the acquisition of bacterial genes This DNA product is then cleaved by the ends to flanking DNA; the exposed 3' ends 
for antibiotic resistance, the replication of retrovirally encoded integrase to expose 3'- of the transposon are then joined by strand 
certain bacteriophages, the inte- 

- :  
transfer reactions to staggered 

gration of retroviruses, and the positions on the target DNA. 
intracellular movement of Transcription Retrovirus Cut and paste Mu This transposition product is 
retroviral-like elements. New TnlO,Tn7 etc t then replicated by host DNA 
evidence points to unexpected iption -- - replication to generate a product 
parallels among these many T i  I ,  - called a cointegrate in which the 
transposition events: They all I donor backbone, target, and two 
occur by similar DNA breakage Donw transposon copies are linked 
and joining reactions. More- (see figure). In some cases, such 
over, the structures of transposi- . 'Ot as Tn3, another element-en- 
tion proteins from very different __--- . . - .- .- .  " , . coded recombination system 
biological sources have remark- ~rget join - . . !  - , further processes the cointegrate . ... ' . , = :~: 
able overall structural similarity, II;; 

I;$!, 4 to generate a target molecule 
even though they lack extensive ' . - . l 1  .- containing a simple insertion 
primary sequence homology. *T% and regenerate the donor (5). 

Central to all transposition Rt- . . *& . , . Identical chemical steps ex- 
reactions are ' breakage events .:i I ecuted by element-encoded 
that precisely expose the 3' tips It' transposition proteins underlie 
of the transposable element; Simple inmmonr - renoviral integration and Mu 
these exposed 3' tips are then - replication: DNA cleavage reac- 
joined to the target DNA (2). The DNA-processing reactions that underlie the translocation of three tions expose the 3'-OH ends of 
Sometimes DNA cleavage reac- mobile elements. Gray boxes, mobile elements; blue lines, flanking donor the elements, followed by strand 
tions also occur at the 5' tips of DNA; black arrow, cleavage at the 3'-OH ends; green arrow, cleavage at transfer reactions that co- 
the element; whether this occurs the 5' ends; red line, target DNA; cross-hatching, DNA replication. valently join these 3' element 
has a profound influence on the ends to the target DNA. Al- 
structure of the transposition products. Thus, OH ends at the embedded tips of the actual though the products of retroviral integra- 
although all transposition reactions involve retroviral DNA. Strand transfer reactions tion and Mu transposition are distinct, their 
DNA breakage and joining, several differ- then join these exposed 3' ends to staggered differences arise not from the transposition 
ent types of recombination products can positions on the target DNA, one transposon reactions per se but rather from the state 
emerge, depending on which DNA strands end joining to one target strand and the of the DNA substrate, in particular at the 
are broken and joined (see figure). other end joining to a displaced position on 5' ends. Mu remains linked to the donor 

the other target strand. As a result, the site while also inserting into the target site, 
transposon is covalently joined to the target because no cleavage occurs at the 5' ends 

The is in the Howard Hughes Medical Institute- DNA but is flanked by short gaps that re- of the element; by contrast, in the retro- 
Department of Molecular Biology and Genetics, Johns 
Hopkins University School of Medicine, Baltimore, MD flect the staggered positions of target join- virus the substrate DNA contains only the 
21205, USA. Email: nancy-craig@qmail.bs.jhu.edu ing; host DNA repair functions then repair transposable DNA segment. 
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The DNA cleavage and strand transfer 
reactions at the 3' ends of retroviruses and 

(that is, four metal-dependent phosphoryl 
transfer centers) actuallv executes recombi- 

of TnlO, a single gene product, the TnlO 
transposase, executes all the DNA process- 
ing and transfer reactions (17). Tn7, how- 
ever, executes the initiating double-strand 

phage Mu proceed by similar mecha- 
nisms. Both are Mg2'-dependent reactions 
and likely result from direct, one-step trans- 

nation (14); the pec;se arrangement of 
these active sites and how they may com- 
municate with each other is not yet known. 
Two of the active sites may mediate the 
strand cleavage steps and the other two the 
strand transfer steps. The central regulatory 
stev in Mu recombination is the transition 

breaks through a collaboration of two Tn7- 
encoded D,D(35)E proteins (22). In an al- 
ternative pathway to replication, phage 
Mu displays a distinctive mechanism for el- 
ement excision via double-strand breaks: 

esterifications without covalent, protein- 
DNA intermediates (6). In DNA cleavage, 
H 2 0  is the nucleophile that attacks a 
phosphodiester bond at the transposon tip, 
resulting in phosphodiester bond hydrolysis 
and exposure of the 3'-OH transposon end. 
In strand transfer. the newlv exwosed 3'-OH 

of MuA from the monomer to the active 
tetramer form (15), a step that depends on 
critical features of the substrate DNA and 

following MuA-mediated cleavage and 
strand transfer at the 3'  ends of Mu DNA, 
an  as vet unidentified nuclease distinct 

transposon tip is ;he attackingLnucleophile; 
attack by the 3'-OH transposon end on the 
target DNA results in the covalent linkage 
of the transposon end to a target strand. 
The chemical similaritv of these reactions 

other protein cofactors. The retroviral inte- 
gration system may, like Mu, use a tetramer 
of active sites, but the architecture of the 
retroviral system has not yet been directly 
established 116). 

from transposase itself cuts the connec- 
tions between the 5' ends of Mu and the 
flanking donor DNA, resulting in a simple 
insertion (2, 4). 

The biological and conceptual connec- 
tions between many different mobile ele- 
ments have long been recognized (1). It is 
now clear that biologically diverse systems 
also share fundamental biochemical and 
structural similarities. 

and the fact that mutation of the proteins 
that execute these reactions [retroviral 
integrases (7) and the MuA transposase (8)] 
block both the 3'  breakage and joining steps 
led to the suggestion that the same (or at 
least closely related) active sites execute 
both of these reactions. 

That a retroviral integrase and a bacte- 
rial transposase are indeed fundamentally re- 
lated has now been snectacularlv demon- 

~, 

Many mobile elements translocate by a 
cut-and-paste mechanism that is seemingly 
distinct from that of retroviral integration 
and Mu replication-the introduction of 
double-strand breaks at the ends of an  ele- 
ment to generate an excised transposon 
that is then inserted into a target site. This References 
paradigm was first established for the bac- 
terial transposons TnlO and Tn7 (1, 2, 17, 
18), but it is now clear that numerous ele- 
ments, including the P element of Droso- 
bhila (1 9 ) -  the T c  elements of Caenor- 
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strated by the structures of the catalytic do- 
mains of these vroteins at the atomic level. 
The overall topology of the HIV integrase 
(9) and MuA transposase (10) structures is 
similar, although there is little extended pri- 
mary sequence homology between them. 
That these proteins might be structurally re- 
lated was not entirely unanticipated; these 
and other recotnbinases contain a signature 

, , ,  

habditis elegans and other organisms (20), 
and likely many other transposition sys- 
tems (1, 21), use this mechanism. 

The fundamental chemistry at the heart 
of these reactions is actuallv the same as in 
Mu and retroviruses. The ciitical act in re- 
combination is to exnose the 3'-OH 9598 (1 992) 

8 T A Baker and L Luo Proc Natl Acad Sci u 

array of conserved acidic amino acids, the 
D,D(35)E motif, so-called because of the 
usually 35-amino acid spacing between the 
last two residues (7, 11) These conserved 
amino acids are critical for the 3' end vro- 

transposon ends, which are then joined to 
the target DNA. But with these cut-and- 
paste elements, recombination initiates by 
double-strand breaks at the transposon ends 
that separate the element from flanking do- 
nor DNA, rather than with Mu- and 
retrovirus-like single-strand nicks. Double- 
strand breaks result in cleavage ends of 
these at both the 3' and 5' elements; the re- 
sulting excised transposon is conceptually 
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cessing reactions (7, 8), suggesting that 
these amino acids are part of (or at least 
closely related to) the active sites of the en- 
zymes. Moreover, in both the integrase and 
MuA transvosase structures, these amino 
acids are close together (9, lo) ,  forming a 
plausible binding site for a metal ion cofac- 
tor essential to recombination. 

What was unanticipated was that the 
structures of the catalvtic domains of these 

equivalent to the processed retroviral 
DNA. Recombination is comwleted bv 
strand transfer reactions that join the 3 '  
transposon ends to the target DNA. 

As these double-strand break elements 
recombinases would also be so profoundly re- 
lated to the structures of two other nucleic 

are processed by the same chemistry as the 
retroviruses, it is not sumrising that double- 

acld-processing enzymes, ribonuclease H 
(12) and the Holliday junction-resolving en- 
zyme RuvC (13). All four proteins display 

A L, 

strand break transposases can have amino 
acid similarities to the retroviral recombi- 
nases. Essential D,D(35)E motifs are present 

the same central overall protein topology 
with clustering of acidic residues (9. 10). 

in recombinases that execute cut-and-paste 
reactions (20-22), and critical acidic amino 
acids that may function like the D,D(35)E 
motif have also been identified in other 
transposases (17). Indeed, clusters of acidic 

" , ,  , 

Thus, all of these proteins-of disparate bio- 
logical function-are members of a super- 
family that executes metal ion-dependent 
polynucleotidyl transferase reactions. 

How are the DNA-~rocessing reactions 
amino acids that can interact with metal 
ions mar7 be vresent in tnanv recombinases. - 

that underlie recombination coordinated so 
as to result in recombination rather than 

, 
How do the doublk-strand break 

transposases execute cleavages at both 3' 
and 5 '  tips of mobile elements! In the case breakage? In Mu, a tetramer of transposase 
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