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Switching from Cut-and-Paste to Replicative 
Tn7 Transposition 

Earl W. May and Nancy L. Craig* 

The bacterial transposon Tn7 usually moves through a cut-and-paste mechanism where- 
by the transposon is excised from a donor site and joined to a target site to form a simple 
insertion. The transposon was converted to a replicative element that generated plasmid 
fusions in vitro and cointegrate products in vivo. This switch was a consequence of the 
separation of 5'- and 3'-end processing reactions of Tn7 transposition as demonstrated 
by the consequences of a single amino acid alteration in an element-encoded protein 
essential for normal cut-and-paste transposition. The mutation specifically blocked cleav- 
age of the 5 '  strand at each transposon end without disturbing the breakage and joining 
on the 3' strand, producing a fusion (the Shapiro Intermediate) that resulted in replicative 
transposition. The ability of Tn7 recombination products to serve as substrates for both 
the limited gap repair required to complete cut-and-paste transposition and the extensive 
DNA replication involved in cointegrate formation suggests a remarkable plasticity in 
Tn7's recruitment of host repair and replication functions. 

Trallsposable elements are D N A  seglnellts 
that can move from one D N A  site to  an- 
otl-ier In the  absence of homology between 
tl-ie tnro sites. h1a1-i~ elements, including the  
bacterial tral-isposon Tn7 ,  move tl-irough a 
cut-and-paste lnechal-iism in \vhicl-i tl-ie 
tral-isvoso1-i is first exclsed from the donor 
site by double-strand breaks a t  each end of 
the  tral-isposoll and is then joined to the  
target slte (1-3) (Fig. 1). This loining oc- 
curs througl-i the  linkage of the  3' el-ids of 
the tra1-isposol-i to staggered pos1tio1-i~ o n  the 
top and bottom stral-ids of the target DNA,  
resultil-ig in small (several nucleotide) gaps 
tlankillg the  ne\\,ly inserted transposon. Re- 
pair of these gaps hy l-iost fill-ictions gener- 
ates the  slllall flallkil-ig direct repeats char- 
acteristic of trans~.ositional recomhi~-iation. 

Other  transposons, including hacterio- 
phage Mu and Tn3 ,  can move via a repli- 
cative pathway which involves extensive 

D N A  replication (1 , 3 ) .  In  hlu,  ol-ily one 
strand a t  each 2nd of the  elenlel-it 1s cut. 
exposing the  3' tral-isposon end. Transfer of 
this end to the  target D N A  results in a 
fusion product bet\vee~-i the  dollor and tar- 
get lnolecules termed a Sl-iapiro intermedi- 

Ho?vard Hughes I\.4edca Institute, Department of Moec- 
uar Booqy and Genetcs, 615 PCTB, Johns Hopkns 
~ n ~ \ ~ e r s ~ t ~ S c i i o o l  of Ided~clne, Eat~more MD 21205 
USA. 

'To ?vliom corresDondence should be addressed 

ate or strand tra~lsfer intermediate, 11-i \~11~ch 
one strand a t  each end of the  transposon 
remains ]oined to the  donor D N A ,  and the  
otl-ier is jo~ned  to the target D N A  (4 .  5). 
R e p a ~ r  of this tral-ispositio~-i product by host 
f~lnctions involrres ~ n ~ ~ c h  Inore extensive 
D N A  replication t1la1-i tl-ie repair of silnple 
insertions (LIP to  tells of kllobases compared 
to several mlcleotldes) and generates a cir- 
cular cointegrate molecule In \vhicll the 
donor and target sequences are joined by 
two conies of the  transnoson. 

A f~~lldarne~-ital  d~fferel-ice between the  
cut-and-paste and replicative tra1-ispositio1-i 
pa th \~ays  lies in the cleavage of the  5' el-ids 
of the  transnoson 12).  In standard T n 7  re- , , 

colnb~llatio~-i the break is double-stranded, 
tl-iat is, both 5' and 3'  strands are cleaved in 
the  cut-and-paste transposition. W e  no\v 
show that,  with a sil-igle point mutation in a 
Tn7-encoded protein, 5' 2nd cleavage is 
blocked and the  tra~-ispositio~-i mecl-ianism is 
switched; T n 7  now tral-isposes replicatively 
to produce a Shapiro intermediate, \vl;hich 
call he subsequently processed into a 
cointegrate tra1lspositio1-i product. 

T n 7  transuosition requires an  elaborate 
array of Tn7-encoded proteins: TnsA,  
TnsB, TnsC,  TnsD,  and TnsE (3 ,  9 ,  10).  
TllS.4 and TnsB constitute the l-ieart of the  
transposition macl-iinery that executes the  
D N A  breakage and joining reactions that 
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underlie recombination (1 1-13). The ends 
of the transposon are specifically recognized 
by TnsB (14, 15); TnsA is probably recruit- 
ed to the ends through interactions with 
TnsB (8, 11 ). The remaining Tns proteins 
modulate the activity of TnsA and TnsB 
and direct transposition to two alternative 
types of targets (3, 9, 10, 16). Insertions 
into all targets require the adenosine 
triphosphatase TnsC which activates the 
TnsA+TnsB machinery assembled at the 
ends of the element (1 1, 16). The TnsD 
protein binds to a sequence on the bacterial 
chromosome attTn7 and, through TnsC, 
directs transposition to this site (8). Alter- 
natively, TnsE directs insertions into other 
non-attTn7 targets. 

We examined the activity of a TnsA 
mutant generated through site-specific 
mutagenesis (1 7), an alanine (D) substitu- 
tion for aspartate (A)  at position 114 
(D114A), in an in vitro reconstituted 
Tns(ABCD) transposition system (Fig. 2). 
Purified Tns proteins (18), adenosine 
triphosphate (ATP), and Mg2+ were incu- 
bated with a donor plasmid containing a 
mini-Tn7 element, and a target plasmid 
containing attTn7 (1 9). No reaction was ob- 

Donor DNA Target DNA 
. ======1111 

3' breaks 5' breaks 

I 3'joins 1 3' joins 

,!' Shapiro 
intermediate 

replication gap repair 

====(J=b==== 
Simple 
insert 

Cointegrate 

Replicative 
transposition 

Cut-and-paste 
transposition 

Fig. 1. The fate of the 5' end of the transposon 
(cleaved, or remaining joined to the donor mole- 
cule) differs between the two common transposi- 
tion pathways. Donor DNA (solid line) contains the 
transposon flanked by triangles representing the 
cis-acting recombination sequences; target DNA 
(dashed line). Cut-and-paste Tn7 transposition 
proceeds through excised linear transposon (ELT) 
intermediates to the final product, the simple in- 
sertion. Replicative transposition generates the 
Shapiro intermediate, which is replicated to form a 
cointegrate molecule. In some systems, a subse- 
quent site-specific recombination reaction re- 
solves the cointegrate, regenerating the donor 
molecule and generating a target molecule now 
containing a copy of the transposon (6). 

served without TnsA (lane 1). With wild- 
type TnsA, the principal reaction product 
was a simple insertion (Fig. 2, lane 2). Re- 
combination intermediates of Tn7 cut-and- 
paste transposition were visible, namely, do- 
nor molecules with double-stranded breaks 
(DSBs) at either transposon end. Also 
present were by-products in which only the 
cleaved transposon end of a DSB was joined 
to the target, forming a double-strand break 
single-end join (DSB-SEJ). 

Unlike the reaction with wild-type 
TnsA. reactions containing Dl  14A TnsA - 
generated a previously unobserved recombi- 
nation product, the fusion product (FP); no 
products indicative of cut-and-paste trans- 
position (DSBs or simple insertions) were 
observed (Fig. 2, lane 13). As established by 
electron microscopy and denaturing gel 
electrophoresis (Fig. 3 and 4), this new 
product is a fusion of the donor and target 
plasmids joined through a copy of the trans- 
poson (Fig. 3), structurally equivalent to 

the Shapiro intermediate of replicative Mu 
transposition (4,5).  Although 5' end cleav- 
age was totally blocked by the D114A 
TnsA mutation, this alteration had not ob- 
viously affected the 3' end cleavage and 
strand transfer activities. The only differ- 
ence between the Tn7 fusion product and a 
simple insertion is the lack of cleavage at 
the 5' transposon ends. 

Reactions containing mixtures of wild- 
type and D114A TnsA (Fig. 2, lanes 8 to 
12) produced two other products that are 
also fusions of the donor and target plas- 
mids. However, one "arm" of the donor 
molecule remained attached to the transpo- 
son, but the other had been released 
through a double-stranded break; that is, 3' 
cleavage and transfer occurred at both 
transposon ends, but 5' cleavage was con- 
ducted at only one end (20). In one new 
species of lower mobility, the right end of 
the transposon was still attached to the do- 
nor DNA, but the left end (L) has been 

Fig. 2. Wild-type and o 
~ 1 1 4 ~  T ~ ~ A  are tested in 5 5 Wild w e :  buffer Wild llp: D114A 5 
vitro. After the transposi- 6 T T T * ?? - - - ? '?? 6 m m - . - -  m m - . - -  
tion reaction, a third of the . -, . - . . . . . .- - - - Fusion product 
purified DNA was digest- 
ed with Nde I (which cuts , FP(DS6.L) 

FP(DS9.R) 
asymmetrically once each 3 ~sssn a 
in the donor and target DSB-SEJ.L 

molecules), placed on an - - - Donor 

0.6% agarose gel, trans- ----- - - -  -Simple insertion 
ferred to nitrocellulose, - DS8.R 
and then probed for the 
presence of the mini-Tn7 - DSB.L 

element. Unreacted donor 
runsat5926bp;simplein- 6 8 12 13 
sertion, 4815 bp; DSB.R, 
4089 bp; DSB.L, 3462 bp. Other noted products are jointed molecules that are anomalously slow for their 
molecular weight. Lanes 2 through 7: a titration of wild-type TnsA. Lanes 8 through 12: a mixture of 
wild-type and Dl 14A TnsA, with the total TnsA concentration was held constant. 

Fig. 3. Representative elec- 
tron micrographs (EM) of the 
Dl 14A TnsA FP. DNA was 
extracted from in vitro reac- 
tions and applied to EM 
grids (30). The FP is dis- 
played diagramatically both 
undigested and digested 
with Nde I (top). The 3' ends 
of the transposon are joined 
to the target DNA (dashed 
line) while the 5' ends of the 
transposon remain joined to 
the donor DNA (solid line) 
yielding a plasmid fusion. 
Undigested FPs were visible 
usually as small supercoiled 
knots of DNA. Occasionally, 
however, a relaxed molecule 

Fusion product 

Nde l 
__I) 

of the characteristic theta 
shape was encountered (31). Joints are distinguished from overlying DNA strands in the accompanying 
trace; donor backbone, bold line; transposon, bounded by triangles; target DNA, dashed line. Nde I cuts 
the FP as indicated, releasing supercoils and yielding a joint molecule with five characteristic length 
segments. Tracing indicated that their lengths were proportional to the expected values to within 5%. The 
standard bar is 0.5 pm. 
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cleaved by a DSB [FP(DSB.L]. The other 
new species, in which the right end has been 
cleaved, comigrated with DSB-SEJ.R. These 
alternative products imply that at least two 
TnsA proteins take part in each recombina- 
tion complex. None of these above de- 
scribed products were the result of simple 
titration of TnsA (Fig. 2, lanes 2 to 7). 

These experiments show that the DNA 
breakage and joining activities at the 3' 
ends were maintained with the D114A 
TnsA mutation. Yet these 3' reactions are 
still dependent on the presence of TnsA; no 
breakage and joining products were ob- 
served when TnsA was simply omitted from 
the reaction. Thus, at least two transposi- 
tion functions, 5' end cleavage and the 3' 
end activities, depend on TnsA. 

The consequence of the D114A muta- 
tion of TnsA demonstrates a specific sepa- 

ration of the 5' and 3' recombination ac- 
tivities that underlie Tn7 recombination. 
an effect previously unobserved (so far as we 
know) in transposition systems as the result 
of transposase alterations. Other than this 
single protein mutation, no change was in- 
troduced into the in vitro transposition re- 
action to effect the switch from cut-and- 
paste to replicative Tn7 transposition. 
Therefore both of these pathways probably 
result from the same core element-encoded 
transposition machinery, Tns(ABCD). 

Whether the Dl 14A TnsA-mediated 
Tn7 FP can be generated in vivo was ad- 
dressed as follows. In the Shapiro interme- 
diate of replicative bacteriophage Mu trans- 
position (2, 4, 5), the 3' hydroxyl groups 
that flank the transposon prime DNA syn- 
thesis into the transposon portion of the 
molecule to generate a cointegrate (Fig. 1). 

Fig. 4. Denaturing gel analysis of recombination 
products. The products of in vitro reactions with 
wild-type and Dl 14A TnsA, and also gel-purified Tn7R 
FPs, were examined at the nucleotide level. A 
schematic of the FP, displayed above the blots, 
shows the transposon portion of the molecule 
bounded by arrowheads indicating the left and probe A % g s PmbeB % rn .- 
right ends; the donor backbone portion is in bold- 6 3 6  k -- -- 
face; the target DNA portion is shown in dashed m ~ ~ ~ , m  373(203+3+167) 
lines. The distance in nucleotides of each restric- 236 (170 + 3 

tion site (D, Dra I;  H, Hinc II) from the end of the 3 ' ~  

transposon is indicated. While the 3' breaks at the S'break - 270 (203 + 67) 

ends of the transposon are flush with the ends of 173 (170 + 3) 
3'- 

the element, the 5' breaks are displaced by three 203 ' 
nucleotides (7, 12). The 32P-labeled oligonucleo- K I 
tides used as strand-specific probes for the Probe C $ ProbeD 3 $ 2 
Southern (DNA) blot are indicated hybridizing spe- rpin ,., fi k ? E  fi 

-adb.n-lr 
cifically to their respective strands (12). Below, 332(170+ '- 373(203+ 3 *  lw 
substrates and products are indicated to the left of 
each blot, along with their expected molecular ---,, 
lengths expressed as asum of the distances in the 236'170'3'1631 

schematic. The 3' breaks are visible at low levels sbree~ 

with probes B and D; these products a ~ e  rapidly 3- -/ 206(203+31 

processed to 3' joins. The Dl 14A TnsA reactions 170 

are similar to those of wild type as assayed by the 3' strand probes (probes B and C, lane 3); thus 3' 
breaks and joins proceed. However, there is no Dl 14A TnsA 5' end cleavage product (probes A and D); 
5' end cleavage is blocked by the Dl 14A mutation. In the gel-purified FP, the 3' ends of the transposon 
have been efficiently cleaved and transferred to the target (probes Band C). However, the 5' ends are still 
attached to the donor molecule; the product runs as the substrate on the 5' end-specific blots (probes 
A and D). 

Table 1. Replicative Tn7 transposition with Dl 14A TnsA. A mating-out assay was used to examine the 
effect of TnsA mutants in vivo (22). The source of TnsA is indicated to the left. Cointegrates are not the 
product of homologous recombination between a simple insertion product and the donor molecule; such 
events occur at a level comparable to that of background Tn7-independent recombination observed with 
a deletion of TnsA (line 2), or without Tns functions (20, 21). N, number of colonies examined in 
determining the class of transposition product. 

Transposition Simple insertion Cointegration fraction 

frequency fraction (KmrCms) (KmrCmr) 

(Km3 Percent N Percent N 

Wild type 8 x >99.99 <0.01 
-TnsA <4 x lo-* <3 0 >97 27 
Dl 14A 5 x lo-4 18 80 82 357 

'This measurement of the cointegration frequency with wild-type TnsA was made possible by directly plating the mating 
mixture onto media with Nal and Cm. 

Consistent with the DSBs intrinsic to cut- 
and-paste transposition (7, 8), no wild-type 
Tn7-mediated cointegrate formation has 
been observed above background (21; and 
data presented below). 

Our transposition assay in vivo relies on 
the genetic consequences of transposition 
(22). If a gene for kanomycin resistance 
(Kmr) is placed inside the transposon and a 
gene for chloramphenicol resistance (Cmr) 
is ulaced in the backbone uortion of the 
donor molecule, a cointegrate would carry 
both Km' and Cm', whereas a simple inser- 
tion would carry only Kmr. The target is a 
mobilizable plasmid, a derivative of the F 
mating factor, allowing for the separation of 
product molecules from donor molecules 
through conjugation. 

In contrast to wild-type TnsA where 
Tn7-mediated cointegration was not de- 
tected above background (2 1 ), the Dl 14A 
mutant of TnsA supported the production 
of cointegrate molecules (82% of all trans- 
position events) (Table 1). Thus, the FP 
observed in vitro was also made in vivo. and 
was subsequently processed into a replica- 
tive transposition product. The frequency of 
Dl 14A TnsA-supported transposition, that 
is, joining of the transposon to the target 
plasmid, was comparable to that of wild- 
type TnsA. 

With D114A TnsA. most of the trans- 
position events yielded cointegrate mole- 
cules, but 18% were simple insertions. Yet, 
no simple insertions were observed with 
D114A TnsA in vitro. Whether these in 
vivo simple insertions are generated by (i) 
partial suppression of the phenotype of the 
D114A TnsA in vivo. so that it executes 
some 5' end cleavage, or (ii) a host enzyme 
nicking the FP before replication begins, 
such that the donor portion of the molecule 
is released, producing a simple insertion is 
not known. However, the latter host mech- 
anism is postulated for the production of 
simple insertions during l~sogenic bacterio- 
phage Mu transposition (2, 5, 23). 

The question also arises as to how Tn7 
may alternatively recruit two likely different 
host functions-one responsible for the 
minimal gap repair of cut-and-paste transpo- 
sition and another for the extensive replica- 
tion required for cointegrate formation (7,8,  
24). The recruitment of host replication 
functions during replicative bacteriophage 
Mu transposition is an elaborate process. 
The Mu transposase remains tightly associ- 
ated with its Shapiro intermediate and at 
least three distinct host factors contribute to 
the recruitment of host replication functions 
(25). It is not unreasonable that Tn7 trans- 
position proteins may also remain tightly 
associated with ~roduct DNA molecules and 
that the suecialized recruitment of host func- 
tions to such a nucleoprotein complex may 
not be restricted to bacteriophage Mu. Thus, 
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Tn7 provides a means to investigate how 
distinctive transposition products and 
their associated proteins may alternatively 
recruit the likely different host machines 
that mediate the gap repair of simple in­
sertions and the extensive replication of 
Shapiro intermediates. 

The discovery within Tn7 of a simple 
toggle, through point mutation, between 
cut-arid-paste and implicative modes of 
transposition lends a biochemical vantage 
point to the discrimination of these two 
different mechanisms (Fig. 1). All transpo­
sition systems that have been studied with 
regard to mechanism share the same chem­
istry of 3' end breakage and strand transfer 
(2); nevertheless, although cut-arid-paste 
transposons cleave at the 5' end, implicative 
transposons do not. The lack of 5' end 
cleavage during replicative Mu and (likely) 
Tn3 transposition generates the Shapiro in­
termediate, which can then be replicatively 
processed into a cointegrate molecule (2, 
5). In contrast, DSBs (cuts on both 5' and 
3' ends) occur before 3 ' strand transfer with 
cut-and-paste transposons (7, 8, 26, 27). 

We have shown that the core Tn7-en-
coded recombination machinery contains 
all the active sites necessary for the break­
age and joining chemistry of both the cut-
and-paste and replicative modes of transpo­
sition. In vitro Mu simple insertion, like 
replicative Mu transposition, is thought to 
proceed through the Shapiro intermediate, 
but with 5' end cleavage occurring after the 
3 ' strand transfer events (2, 5, 23). In 
contrast to Tn7, the Mu 5' cleavage activity 
appears to be provided by host functions 
rather than by the alternative action of its 
transposase (5). The 5' and 3' end cleavage 
activities of cut-and-paste transposition, 
however, need not be in separate proteins. 
In the well-characterized TnlO transposi­
tion system, TnlO transposase, which con­
tains a single gene product, is sufficient to 
catalyze DSBs and 3' strand transfer in vitro 
(26-28). But unlike Tn7, the generation of 
TnlO Shapiro intermediates in vitro has 
not been demonstrated. Indeed, the sup­
pression of 5' cleavage during TnlO trans­
position may not be possible; TnlO requires 
DSBs at both ends of the element before 
the engagement of target DNA (26). 

Some insertion sequences, such as IS903 
and IS1, predominantly form direct simple 
insertions but also appear to form replica­
tive cointegrates at a significant rate (29). 
It is possible that these elements are func­
tional through a mechanism similar to that 
of Tn7, where two different transposition 
products are formed depending on the al­
ternative action of the element-encoded 
transposase. Alternatively, IS903 and IS1 
may employ a Mu-like mechanism, effi­
ciently forming Shapiro intermediates, with 
the ultimate fate of the transposition prod-
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uct being dependent on the 5' end cleavage 
activity of a host factor. 

The ease with which this switch be­
tween the simple insertion and cointe­
grate forming pathways in Tn7 is possi­
ble—a single amino acid change in one 
transposition protein—introduces the pos­
sibility that there may be alternative con­
ditions in vivo which would allow Tn7 to 
interchange naturally between these two 
mechanisms. Just as Tn7 can use distinct 
classes of target sites (3, 9, 10), this trans­
poses may also be capable of switching 
mechanistic pathways to generate alter­
nate transposition products that are po­
tentially beneficial to the transposon un­
der different cellular conditions. 
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