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Summary

We have developed a cell-free system in which the
bacterial transposon Tn7 inserts at high frequency into
its preferred target site in the Escherichia coli chromo-
some, attTn7; Tn7 transposition in vitro requires ATP
and Tn7-encoded proteins. Tn7 transposes via a cut
and paste mechanism in which the element is excised
from the donor DNA by staggered double-strand breaks
and then inserted into attTn7 by the joining of 3’
transposon ends to 5’ target ends. Neither recombina-
tion intermediates nor products are observed in the
absence of any protein component or DNA substrate.
Thus, we suggest that Tn7 transposition occurs in a
nucleoprotein complex containing several proteins
and the substrate DNAs and that recognition of attTn7
within this complex provokes strand cleavages at the
Tn7 ends.

Introduction

Mobile DNA segments translocate by a variety of mecha-
nisms. These mechanisms differ in the nature of the re-
combining sites, the type and order of strand breakage
and joining reactions, and the degree of involvement of
DNA replication. We are interested in understanding the
molecular basis of transposition, a reaction in which a dis-
crete DNA segment moves between nonhomologous DNA
sites (Berg and Howe, 1989). This reaction is distinguished
by the fact that it involves three distinct DNA segments,
the two ends of the transposon and the target site; no
sequence similarity between the transposon ends and the
target site is required. Another hallmark of transposition is
that element insertion is accompanied by the duplication
of several base pairs of target sequence. This duplication
results from the introduction and subsequent repair of a
staggered break in the target DNA, the transposon being
joined to the ends of the overhanging target strands at this
break.

We are particularly interested in understanding the trans-
position of the bacterial transposon Tn7 (Barth et al., 1976;
Craig, 1989), because this element displays an unusual
degree of insertion specificity. Most transposable ele-
ments show relatively little insertion site selectivity when
transposing to large DNA molecules (Berg and Howe,
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1989). By contrast, Tn7 inserts at high frequency into a
single site in the Escherichia coli chromosome called
attTn7 (Barth et al., 1976; Lichtenstein and Brenner, 1982;
Craig, 1989). Tn7 is unrelated in nucleotide sequence to
attTn7 (Lichtenstein and Brenner, 1982; Gay et al., 1986;
McKown et al., 1988); thus, no DNA sequence homology
is involved in the selection of attTn7 as a preferential tar-
get. This element’s transposition machinery is elaborate.
Tn7 encodes a surprising array of transposition genes,
tnsABCDE. Insertion into attTn7 in vivo requires four of
these genes, tnsABC + tnsD (Rogers et al., 1986; Waddell
and Craig, 1988; Kubo and Craig, 1990). Large DNA sites
atboth ends of Tn7 (Arciszewska et al., 1989) and at attTn7
(McKown et al., 1988; Gringauz et al., 1988; Qadri et al.,
1989) are also required. When att7n7 is unavailable, Tn7
resembles most other transposable elements, moving at
low frequency and inserting into many different sites (Rog-
ers et al., 1986; Waddell and Craig, 1988; Kubo and Craig,
1990). This alternative transposition pathway requires a
distinct, but overlapping, ensemble of four tns genes,
tnsABC + tnskE.

Although many transposable elements have been char-
acterized genetically, only a few have been examined bio-
chemically (Mizuuchi, 1983; Brown et al., 1987; Morisato
and Kleckner, 1987; Eichinger and Boeke, 1988). The high
frequency of Tn7 insertion into attTn7 suggested that this
reaction would be amenable to biochemical dissection.

We report here the development of a cell-free system for
Tn7 transposition. We find that ATP and four tns fractions,
i.e., protein preparations derived from cells containing in-
dividual tns genes, are required for the formation of recom-
bination intermediates or products; no recombination is
detected when any fraction is omitted. Furthermore, the
presence of the attTn7 target site is required for the initia-
tion of recombination, i.e., the production of recombination
intermediates. These results suggest that Tn7 transposi-
tion is executed by a nucleoprotein assembly containing
multiple proteins and the substrate DNAs and that the
proper assembly of this entire recombination machine is
required for the strand breakage reactions that initiate re-
combination.

We also demonstrate that Tn7 transposition in vitro is a
nonreplicative reaction that proceeds by a series of
double-strand breaks that disconnect the transposon from
the flanking donor DNA to produce an excised transposon,
whichistheninsertedinto att7Tn7. The DNA breakage reac-
tions at the transposon ends and at the target DNA both
occur by staggered breaks that generate 5’ overhanging
ends. Tn7 insertion occurs via single-strand joins between
the 3’ transposon ends and the 5’ ends of target DNA.

Results

Establishment of a Cell-Free System for Tn7
Transposition

Tn7 transposition in vitro occurs efficiently when substrate
DNAs, a donor plasmid containing a mini-Tn7 transposon,
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Figure 1. Tn7 Transposition Substrates, intermediates, and Products

The 6.1 kb donor molecule contains a 1.6 kb mini-Tn7 element flanked by sequences unrelated to att7n7; the mini-Tn7 element contains segments
from the left (Tn7L) and right (Tn7R) ends of Tn7 that provide the cis-acting transposition sequences. The 2.9 kb target molecule contains a 0.15
kb attTn7 segment flanked by EcoRl sites. Double-strand breaks at the junction of either Tn7L or Tn7R with the donor backbone (arrows) produce
the DSB.L and DSB.R species, which are transposition intermediates. An excised linear transposon (ELT) is generated by a second double-strand
break in the DSBs. The excised mini-Tn7 element inserts site- and orientation-specifically into attTn7, producing a 4.5 kb simple insertion product
and a 4.5 kb gapped donor backbone. EcoRl digestion of the simple insertion product releases a diagnostic 1.75 kb fragment. Restriction sites:

E = EcoRl, P = Pstl, and S = Scal.

and a target plasmid containing attTn7 (Figure 1), are incu-
bated at 30°C with tns protein fractions, ATP, and MgAc.
Recombination is detected by extraction of DNA from the
reaction mixture, digestion with restriction enzymes, sepa-
ration by gel electrophoresis, and hybridization with spe-
cific probes.

After incubation, several new species are detectable
with a mini-Tn7-specific probe (Figure 2A): a simple inser-
tion transposition product (mini-Tn7 in aftTn7) and several
recombination intermediates, including donor DNA mole-
cules that are broken by a double-strand break at either the
Tn7L-backbone junction (DSB.L) or the Tn7R-backbone
junction (DSB.R) (see Figure 1). Insertion specificity was

Tn7 segments. All insertions were orientation-specific,
i.e., with Tn7R oriented towards the bacterial gimS gene,
and were accompanied by a target duplication of 5 bp.
More than 85% of the insertions occurred at either of two
adjacent nucleotide positions in attTn7, and a few nearby
insertions were also observed. This distribution closely
resembles the pattern of Tn7 insertions into atfTn7 in vivo
(Lichtenstein and Brenner, 1982; Gay et al., 1986; McKown
et al., 1988; Gringauz et al., 1988). The efficiency of the
cell-free reaction is striking, especially in view of the fact
that it is conducted in crude extracts: translocation of
about 25% of the Tn7 elements from donor molecules to
target molecules is readily observed.

verified by DNA sequence analysis of cloned attTn7::mini- Tn7 transposition to aftTn7 in vivo requires four Tn7-

Figure 2. Tn7 Transposition In Vitro

(A) Requirements for Tn7 transposition. Shown
is an autoradiogram that displays EcoRi-
digested species detected with a mini-Tn7-
specific probe from transposition reactions in
which the indicated components were omitted.
DNA molecules are labeled as in Figure 1;
DSB.L and DSB.R appear very different in size
because of the EcoRl digestion. Reactions
were performed as described in the Experi-
mental Procedures, except for lane 8, where
plasmid lacking attTn7 was used as a target
instead of the usual attTn7-containing plasmid.
Asterisks denote that the indicated Tns protein
was supplied in a crude fraction that also con-
tained host proteins. Following the preincuba-
tion step, reactions were incubated for 5 min at
30°C, except that shown in lane 1, which was
stopped immediately after mixing of the reac-
tion components. Lane L shows DNA size
markers.

(B) A gapped donor backbone is a transposition product. An ethidium-stained agarose gel is shown, which displays the EcoRl-digested substrates
(lane 1) and products (lane 2) of an in vitro Tn7 transposition reaction; DNA molecules are labeled as in Figure 1. After recombination, two new
species are evident: an attTn7 segment molecule containing a simple insertion of mini-Tn7 and a donor backbone from which the mini-Tn7 element
has been excised. Lane L shows DNA size markers.
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encoded genes, tnsABC + tnsD (Rogers et al., 1986; Wad-
dell and Craig, 1988; Kubo and Craig, 1990). Tn7 transpo-
sition in vitro can occur efficiently when four protein
fractions, each derived from cells containing one of these
tns genes, are mixed (Figure 2A). In this experiment, the
tnsA fraction is a slightly fractionated extract containing
TnsA, the tnsB fraction is substantially purified TnsB pro-
tein, the tnsC fraction is a slightly fractionated extract con-
taining TnsC, and the tnsD fraction is partially purified
TnsD protein. It is notable that no transposition intermedi-
ates or products are detected when any one of the tns
fractions is omitted (Figure 2A, lanes 3-6).

We also find that no recombination intermediates or
products are detected when attTn7 is omitted (Figure 2A,
lane 8). This result is particularly interesting, as it suggests
that the transposon ends “see” the target site before re-
combination actually begins, i.e., before any double-strand
breaks occur at the transposon ends. We have been un-
able to detect any changes in the target plasmid when any
tns fraction or the mini-Tn7 donor plasmid is omitted from
the reaction (data not shown).

These experiments show that the four tns fractions and
the aftTn7 target are required for recombination. Notably,
the production of both recombination intermediates and
products requires the presence of all the reaction compo-
nents, i.e., no partial reactions are detected when any
single component is omitted. An attractive hypothesis that
explains these results is that Tn7 transposition is a highly
concerted reaction carried out by a nucleoprotein assem-
bly (machine) containing the DNA substrates and multiple
recombination proteins. Because transposition in vitro re-
quires combining four different fractions, at least four dif-
ferent proteins are likely to participate directly in recombi-
nation. :

Tn7 transposition in vitro has several other require-
ments. ATP (Figure 2A, lane 10) or dATP (data not shown)
must be added. Efficient recombination also requires 10
mM MgAc (lane 9). If MgAc is included at the beginning of
the incubation, little recombination is observed (data not
shown); substantially more (perhaps 50-fold) recombina-
tion occurs when MgAc is added after a preincubation
step. Transposition is most efficient with supercoiled sub-
strates, but considerable transposition can be observed
with relaxed DNAs (data not shown). Recombination is
stimulated by the presence of polyvinyl alcohol or polyeth-
ylene glycol (data not shown).

Tn7 Transposition In Vitro Does Not Involve
Replication of the Element

A key issue in understanding a transposition reaction is
determining whether the transposon is copied by DNA rep-
lication or whether itis transferred from the donor molecule
to the target molecule via a nonreplicative, cut and paste
reaction. Several observations indicate that Tn7 transposi-
tion in vitro is nonreplicative. in addition to the simple inser-
tion of mini-Tn7 into att7n7, another transposition product
is a gapped donor molecule, i.e., a donor backbone from
which mini-Tn7 has been excised (Figure 2B). The simple
insertion product and gapped donor backbone appear with
approximately the same time course and in equimolar

amounts (data not shown). Production of this gapped do-
nor backbone indicates that Tn7 translocation occurs by
cutting the transposon away from the donor DNA and join-
ing it to the target DNA without replication, a view sup-
ported by the demonstration that an excised transposon
is a transposition intermediate (see below).

Another indication of the nonreplicative nature of Tn7
transposition is that recombination in vitro is not affected
by the inclusion of DNA synthesis inhibitors such as di-
deoxynucleotides under conditions in which a strong inhi-
bition of DNA polymerase activity is observed (data not
shown).

Double-Strand Breaks at the Ends of Tn7 Produce
Recombination Intermediates

Several types of evidence indicate that the DSBs, i.e.,
donor DNA molecules broken by a double-strand break at
atransposon end, are indeed transposition intermediates.
These species have the kinetic properties of intermedi-
ates: they are most abundant at early times and disappear
at late times during the incubation (Figure 3). These kinetic
properties are particularly evident when the overall rate of
transposition is slowed by lowering the incubation temper-
ature to 22°C. Here, the DSB species are detected earlier
and in greater amounts than are the transposition prod-
ucts; it is also notable that a considerable fraction of the
substrate donor DNA is converted to DSBs. Disappear-
ance of the DSBs is not due to nonspecific nuclease degra-
dation, because a control fragment was not degraded in
these reactions. The view that the DSBs are transposition
intermediates is also supported by the fact that they, like
the simple insertion product, are generated by staggered
breaks in DNA (see below). Similar levels of DSBs are
observed when the reactions are stopped by a variety of
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Figure 3. The Double-Strand Break Species Have the Kinetic Proper-
ties of Transposition Intermediates

Shown is an autoradiogram that displays Scal-digested species de-
tected by a mini-Tn7-specific probe produced in transposition reac-
tions, after incubation for the indicated times at either 30°C or 22°C
(preincubation also at 22°C). Reactions were performed as described
in the Experimental Procedures, except that they also contained a
1200 bp linear fragment recognized by the probe (“Control’) to evaluate
nuclease degradation. DNAs are as described in Figure 1; the DSBs
appear to be different in size because of the Scal-digestion.
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Figure 4. An Excised Transposon Is a Recom-
bination Intermediate

(A) Production of excised transposon. Shownis
an autoradiogram that displays Ecol-digested
species detected with a mini-Tn7-specific probe
from transposition reactions that contained var-
ious amounts of monovalent salt. Lanes 1-5:
reactions supplemented with the indicated salt;
the salt concentrations supplied by protein frac-
tions were 30 mM KCI and 3 mM NaCl. Lane
L: DNA size markers with a prominent 1.6 kb
species. DNAs are as described in Figure 1.
(B) An “excised” transposon is an effective
transposition substrate. Shown is an autoradio-
gram of the EcoRli-digested products detected
with a mini-Tn7-specific probe of transposition
reactions containing about 25 ng (0.25 nM) of
Miul-generated “excised” transposon as the
mini-Tn7 substrate, instead of the usual mini-
Tn7-containing donor plasmid. Reactions were
carried out as described in the Experimental
Procedures, lacking particular components as
indicated. Asterisks denote that the indicated
Tns protein was supplied in a crude fraction
: 7 8 that also contained host proteins. Addition of
crude extract (CE) from cells lacking Tns pro-
teins stimulates, but is not essential for, recom-
bination. DNAs are labeled as in Figure 1, ex-
cept that the “excised” transposon is generated

TnsD*
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cgcgtggatee ¥ by restriction instead of recombination (as in
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Figure 4A and elsewhere).
(C) Mlul transposon. An Miul transposon—con-
taining plasmid was produced as described in

Mial

the Experimental Procedures. Digestion with Miul enzyme, which cuts at the indicated positions (arrows), releases a linear “excised” trans-
poson, whose 3’ ends are cleanly exposed (as also with authentic excised transposon generated in recombination reactions) and whose 5' ends
have 4 nt extensions (as opposed to the 3 nt extensions of authentic excised transposon).

methods, including treatment with proteinase and phenol
(data not shown); thus, the DSBs are not likely to be pro-
tein~DNA complexes, nor is DNA breakage likely to be
provoked by our manipulations.

Excised Tn7 Can Be a Transposition Substrate

in addition to DSBs, a transposon species that has been
excised from the donor backbone by double-strand breaks
at both transposon ends is produced in the incubation
mixtures. This excised species is present in all reactions,
but often at a very low level. However, high levels of ex-
cised transposon and low levels of insertion product are
evident under some reaction conditions, for example, with
high NaCl (Figure 4A). We have been unable to observe
disappearance of the excised transposon, as might be
expected for a recombination intermediate. However, high
levels of excised transposon may reflect substantial im-
pairment of the insertion step. Like the simpie insertion
product and the DSB species, the excised transposon is
generated by staggered breaks in DNA (see below).

To determine whether an excised mini-Tn7 can partici-
pate in recombination, we asked whether exogenously
supplied, “excised” mini-Tn7 could insert into attTn7 when
present as the sole transposon substrate. We introduced
restriction sites at the Tn7 termini such that restriction
enzyme digestion generates a mini-Tn7 species with stag-
gered ends (Figure 4C), the 3’ ends being cut adjacent to
L1 and R1 and the 5’ ends cut within the flanking DNA to

generate 4 nucleotide (nt) overhangs. (As described be-
low, we believe that the excised mini-Tn7 species gener-
ated during transposition has exposed 3’ ends and 3 nt
overhangs on its 5’ ends.) The exogenously supplied mini-
Tn7 element also has two sequence changes in its Tn7L
segment.

The restriction-generated “excised” mini-Tn7 inserts ef-
ficiently in site- and orientation-specific fashion into attTn7
(Figure 4B), supporting the view that the excised transpo-
son is indeed a transposition intermediate. As with a plas-
mid substrate, insertion of the “excised” transposon re-
quires the presence of all of the tns fractions, ATP, and
MgAc. In addition to demonstrating that a transposon spe-
cies that is not connected to a donor backbone can partici-
pate in transposition, these results suggest that no tns
function is involved exclusively in the excision stage of
recombination.

Woe also note that we have been unable to detect a strand
transfer intermediate under any condition, either in com-
plete Tn7 transposition reactions or when any ins compo-
nent is omitted. This species, in which the transposon, the
donor backbone, and the target are covalently linked, is a
key intermediate in bacteriophage Mu transposition (Sha-
piro, 1979; Craigie and Mizuuchi, 1985; Pato, 1989).

The Polarity of Strand Breakage and Joining
Tn7 insertion is accompanied by the duplication of 5 bp of
target sequence (Lichtenstein and Brenner, 1982), pre-
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Figure 5. Transposition Can Occur via Two Different Polarities of Strand Breakage and Joining

The duplication of target sequences upon transposon insertion is presumed to result from cleavage of the target site by a staggered break and
subsequent repair of the gap resulting from linkage of the transposon ends to the target site ends. Two polarities of target cleavage and transposon
joining can be imagined: (A) the target is cleaved by a staggered break generating 5’ overhanging ends that join to the 3' transposon ends, or (B)
the target is cleaved by a staggered break generating 3’ overhanging ends that join to the 5’ transposon ends. The two polarities can be distinguished
by identifying which target strands are covalently joined to which transposon strands in the simple insertion transposition product. Asterisks mark
the specific, diagnostic gaps in the transposition product. The primers Tn7-L, attTn7-L, Tn7-R, and attTn7-R are complementary to particular strands
in attTn7 and the Tn7 ends. Extension from these primers yields products of different and defined lengths as indicated (thick arrows), depending
on which polarity of target breakage and strand joining is used in Tn7 transposition. Restriction sites: E = EcoRI, P = Pstl.

sumed to result from the cleavage and subsequent repair hanging ends (Figure 5A) and the other producing 3’ over-
of a staggered break in the target DNA (Grindley and Sher- hanging ends (Figure 5B). These two types of target cleav-
ratt, 1979; Shapiro, 1979). Two alternative types of target age will result in two distinct types of joints between the
breaks can be imagined (Figure 5), one producing 5' over- transposon ends and the target site: either the 3’ transpo-
A B Figure 6. The 3’ Ends of Tn7 Join to the 5’

Target Ends
Shown are autoradiograms of DNA sequenc-
ing gels on which the products of primer exten-
sions are displayed, in which the simple inser-
Pyt " =269 tion transposition product was a template with
Pt =213 £ - 4232 the indicated primers. Also shown schemati-
cally are the relevant Tn7 end and attTn7 re-
gions (see also Figure 5). The lengths of the
extension products were determined by com-
<130 parison with dideoxy sequencing ladders. The
lengths (28 or 30 nt) and mobilities of the prim-
e ¢ w103 ers are also shown.
(A) The 3’ transposon ends are covalently
joined to attTn7. Extensions from the target
attTn7-L and attTn7-R primers using the
EcoRlI-digested and Pstl-digested simple inser-
? =50 tion product as templates are shown. The ob-
* served products (horizontal arrows), 213 nt for
attTn7-L and 269 nt for attTn7-R, are the
lengths expected if the 3’ transposon ends are
joined to attTn7 (Figure 5A). No product is evi-
dent at the positions corresponding to free 3’
’ 10 transposon ends, extension from attTn7-Lis 34
T nt, and that from attTn7-R is 57 nt.
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T (B) The 5’ transposon ends are not joined to

attTn7. Extensions from the transposon end

Tn7-L and Tn7-R primers using Pstl-digested

simple insertion product as template (P: left lane of pair) and, as a control, an intact attTn7::mini-Tn7 fragment as a template (C: right lane of pair).

Two classes of products are observed from each primer with the simple insertion template. One class of products extends to about the 5’ transposon

ends (black arrows), approximately 60 nt from Tn7-L and 130 nt from Tn7-R (the exact lengths of these products are considered in Figure 7). Thus,

some 5’ transposon ends in the simple insertion product are not linked to attTn7, corresponding to a 5' staggered break in the target (Figure 5A).

The other class of products (upper, gray arrows) extend to the positions expected for linkage of the 5’ transposon ends to the target (103 nt from
Tn7-L and 232 nt from Tn7-R), probably reflecting DNA repair.

anyn7-R
Tn7-L
Tn7-R
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son ends are joined to the 5’ target ends (Figure 5A), or
the §' transposon ends are joined to the 3' target ends
(Figure 5B). In the first case (Figure 5A), gaps between the
5’ transposon ends and the 3’ target ends are expected;
the second breakage and joining polarity leaves gaps adja-
cent to the 3’ transposon ends (Figure 5B).

To determine the polarity of Tn7 strand breakage and
joining, we determined the positions of the intact and
gapped strands in the simple insertion product, by using
it as a template for extensions with end-iabeled oligonucle-
otide primers specific to the transposon ends and the flank-
ing attTn7 DNA.

Our analysis has revealed that the target site is broken
by staggered breaks with 5’ overhanging ends (Figure 5A).
Primers attTn7-L and attTn7-R anneal with the strands of
the target DNA that, following transposition using 5’ target
breaks, will be joined with the 3’ ends of the inserted
transposon. We find that the attTn7-L extension product
is 213 nt and that the attTn7-R product is 269 nt (Figure
6A). These lengths correspond to the distance from the
primers to restriction sites within the transposon ends (Fig-
ure 5A). Thus, in the simple insertion product, these tem-
plate strands are intact, i.e., the 3’ transposon ends are
covalently linked to the &' ends of the target. Similar primer
extension analysis of the gapped donor backbone sup-
ports the view that Tn7 excision involves cleavages di-
rectly adjacent to the 3’ transposon ends, which are then
joined to target DNA (data not shown).

If the 3’ ends of the transposon are joined to the target
DNA, i.e., are intact, then it is expected that the other
strands are gapped (Figure 5A). The state of the 5’ transpo-
son ends was examined by extension from the Tn7-L and
Tn7-R primers (Figure 6B). For both primers, two distinct
classes of extension products are observed. From Tn7-L,
there is a cluster of products at about 60 nt and another
species at 103 nt from Tn7-R, there is a cluster of products
at about 130 nt and another species at 232 nt. The shorter
class of extension products from each primer (those at
about 60 nt for Tn7-L and about 130 nt for Tn7-R) corre-
spond closely to the distance to the 5' transposon ends.
(The exact lengths of these products are considered in
detail below.) These results demonstrate that a consider-
able fraction of the 5’ transposon strands are broken and
thus are not covalently linked to target DNA.

The longer extensions from the Tn7-L and Tn7-R prim-
ers do extend to lengths consistent with covalent linkage
of the 5'transposon end with the target DNA, i.e., for Tn7-L,
103 nt and for Tn7-R, 232 nt. We hypothesize that these
species result from some repair in this crude system of the
gap that initially flanks the 5' ends. Repair of the right end
gap appears to be more efficient than repair of the left end
gap, i.e., more 232 nt Tn7-R product is observed than 103
nt Tn7-L product.

We interpret these results to indicate that during Tn7
transposition, the target DNA is cleaved by a staggered
break that yields 5’ overhanging ends and that the 5’ ends
of the target DNA are joined to the 3' ends of the transpo-
son (Figure 5A). We presume that a 5 bp gap fianks the 5'
transposon ends and is subsequently converted to duplex
form through DNA repair.

Staggered Breaks at the Transposon Ends

What type of DNA strand cleavages release Tn7 from the
donor molecule? Analysis of the simple insertion product
suggests that Tn7 is cut away from the donor DNA via
staggered breaks, in which one DNA strand is cleaved
precisely at the 3’ transposon end, and the other strand is
cleaved at a displaced position within the flanking donor
DNA. We were led to this view through our characterization
of the 5' ends of the transposon in the simple insertion
product by extension from the primers Tn7-L and Tn7-R
(see Figure 5A). If the 5’ ends were cut flush with the 3’
ends, i.e., at exactly the end of the transposon, we would
expect the Tn7-L extension product to be 60 nt and the
Tn7-R product to be 130 nt. Rather, we find that the Tn7-L
extension product (Figure 7A) and the Tn7-R extension
product (Figure 7B) are both 3 nt longer than expected.
This result would be obtained if cleavage of the 5' strands
occurs within the flanking donor DNA.

If Tn7 is excised from the donor backbone by staggered
breaks involving strand cleavage within the flanking donor
DNA, we would expect sequences from the flanking donor
backbone to be attached to the 5’ transposon ends. Chemi-
cal sequence analysis of the 63 nt Tn7-L extension product
reveals that the nucleotides attached to the 5' terminus of
the left end of Tn7 are those adjacent to this transposon
end in the flanking donor DNA (data not shown). This result
provides strong evidence that cleavage of the 5’ transpo-
son strand actually occurs at a position displaced from
the transposon end via a staggered break. We have also
observed such staggered breaks at the transposon ends
when Tn7 transposes in vitro from another unrelated donor
site (data not shown); thus, these staggered breaks are
not peculiar to a particular donor site.

We have performed similar primer extension analysis of
the ends of the DSBs and the excised transposon gener-
ated in in vitro transposition reactions (Figure 7). In all cases,
the structure of the 5’ transposon strands was identical,
i.e., 3 nt of donor backbone are attached to the transposon.
These results support the view that the DSBs and the ex-
cised transposon are authentic transposition intermedi-
ates and that the transposon is cut away from the donor
backbone by staggered breaks in DNA (Figure 8).

The donor sequences attached to the excised trans-
poson are not essential for transposition. An “excised”
transposon species generated by the polymerase chain
reaction (PCR) and primers whose 5' strands end with the
transposon termini (as in Figure 7, lane 1) inserts efficiently
into attTn7 (data not shown).

Tn7 Target immunity Is Active in the Cell-Free
Transposition System

Tn7 displays target immunity in vivo; that is, the presence
of a copy of Tn7 in a target DNA molecule substantiaily
reduces the frequency of a second Tn7 insertion into that
target (Hauer and Shapiro, 1984, Arciszewska et al.,
1989). Target immunity is fundamentally related to trans-
position, in that both events require the same transposon
end sequences (Lee et al., 1983; Adzuma and Mizuuchi,
1988). The presence in a target molecule of the transposi-
tion sequences from the right end of Tn7 (R1-199) is suffi-



3?17 Transposition In Vitro

A

o

Figure 7. Donor Nucleotides Remain Attached to the 5’ Transposon
Strands in Tranqusition Intermediates and the Simple Insertion
Product

Shown are autoradiograms of DNA sequencing gels that display primer
extensions from Tn7 end oligonucleotides (see Figure 5A), under con-
ditions where nontemplated addition does not occur (see Experimen-
tal Procedures). The templates were: lane 1, as a control, a PCR-
generated transposon that terminates exactly at the 5' transposon
ends; lane 2, excised linear transposon (ELT); lane 3, the DSB species;
and lane 4, the simple insertion transposition product (Si). At the left
is a dideoxynucleotide sequencing ladder generated with the same
oligonucleotide on an intact attTn7::mini-Tn7 fragment. The nucleotide
saquence of the corresponding 5’ transposon strand and the sequence
of the flanking donor strand in pEM are shown, along with the distance
in nucleotides to the oligonucleotide primer. At the bottom, the posi-
tions of strand cleavages at the transposon termini are shown schemat-
ically; the 5’ cleavage positions determined in this experiment are
indicated with an asterisk.

(A) Extension from the Tn7-L primer. Extension using the simple inser-
tion as template yields a product 3 nt longer than expected for exten-
sion to the 5’ transposon end.

(B) Extension from the Tn7-R primer. Extension using the simple inser-
tion as template yields a product 3 nt longer than expected for exten-
sion to the 5’ transposon end.
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Figure 8. Strand Breakage and Joining during Tn7 Transposition

We suggest that both the ends of Tn7 and attTn7 are broken by stag-
gered breaks that generate 5' overhanging ends. Breaks at the target
site are proposed to be 5 bp in length, and those at the ends of Tn7
are proposed to be 3 bp in length. The 3’ Tn7 ends join to the 5’
target site ends, generating an initial transposition product whose 5’
transposon ends are attached to several nucleotides of donor DNA and
are flanked by 5 bp gaps. DNA repair fills in the gaps and concomitantly
removes the nonhomologous donor sequences from the 5’ transposon
ends, generating an intact duplex flanked by 5 bp target duplications.
The target sequence shown is the 5 bp in attTn7 usually duplicated
upon Tn7 insertion.

cientto provide a high level of immunity in vivo; by contrast,
a truncated right end (R1-42) cannot provide immunity
and is also defective in transposition (Arciszewska et al.,
1989).

We find that Tn7 target immunity is operative in the cell-
free transposition system. We evaluated immunity in vitro
by examining the target activity of attTn7 plasmids that
also contain Tn7R segments (Figure 9). In the experiments
shown in Figure 9, lanes 2 and 3, the reactions contained
amixture of two target DNAs, one an attTn7 plasmid (target
A) and the other a plasmid containing both an attTn7 seg-
ment and a segment from Tn7R, either R1-199 or R1-42
(targets B and C, respectively), located at a distance of
about 1 kb from aftTn7. No mini-Tn7 insertion into the
attTn7 segment of target B is detectable (Figure 9, iane 2),
although insertion into the control att7n7 molecule target
A is observed. This result suggests that the presence of
R1-199 in target B inactivates this molecule. In contrast,
the presence of R1-42 in target C does not block insertion
(Figure 9, lane 3). We note that in the presence of target
B, a modest decrease in insertion into the control target A
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Figure 9. Tn7 Transposition In Vitro Displays Target Immunity
Shown is an autoradiogram that displays EcoRI-digested species de-
tected with a mini-Tn7-specific probe from transposition reactions in
whichthe attTn7 target molecule also contained a Tn7R segment about
1kbfrom attTn7. Target Ais the attTn7 target used in other experiments
(pKAO4-3); Target B (pLA11) and Target C (pLA24) contain attTn7 and
the indicated Tn7R segment. The concentration of the target plasmids
(3 nM each) is about 3-fold less than that of the standard conditions,
to avoid a trans-inhibition by Tn7R-containing targets (see text). The
position of a simple insertion product in each target piasmid is aiso
shown. Lane 1, target A; lane 2: target A + target B; lane 3: target A
+ target C.

molecule is also observed (compare lanes 1 and 2). We
suspect that this decrease resuits from a competition be-
tween the R1-199 segment in target B and the donor DNA
for transposition proteins that interact with the transposon
ends (the molar ratio of donor to target B is 1:7); such an
effecthas been observed in vivo (Arciszewska et al., 1989).

Discussion

We have developed a cell-free system that faithfully repro-
duces many aspects of Tn7 transposition in vivo. Tn7 in-
serts in vitro at high frequency in site- and orientation-
specific fashion into its preferred target site, attTn7.
Transposition occurs efficiently when exogenous DNA
substrates, one a donor molecule containing a mini-Tn7
element and the other an attTn7-containing target mole-
cule, are incubated with extracts derived from cells con-
taining the Tn7-encoded transposition genes tnsABC +
tnsD required for insertion into att7n7 in vivo (Rogers et
al., 1986; Waddell and Craig, 1988; Kubo and Craig, 1990).
The in vitro system also displays the phenomenon of trans-
position immunity that Tn7 displays in vivo; the presence
of Tn7 in a target molecule blocks subsequent insertion of
another copy of Tn7 into that target molecule (Hauer and
Shapiro, 1984; Arciszewska et al., 1989). Tn7 transposi-

tion in vitro also requires the presence of ATP, which is
likely to be directly involved in recombination, because
TnsC is an ATP-binding protein (P. Gamas and N. L. C,,
unpublished data). An auxiliary role of ATP may be to facili-
tate supercoiling of the DNA substrates by promoting the
action of DNA gyrase (Gellert et al., 1976).

Tn7 Transposition Occurs in a Multiprotein Complex
An attractive hypothesis is that the four Tns proteins partic-
ipate directly in recombination. Transposition in vitro re-
quires the mixing of four protein fractions derived from four
different bacterial strains, each containing one of the four
tns genes, tnsABC + tnsD. Specific roles for some Tns
proteins have emerged from other experiments (see be-
low). It is likely that host proteins will also be directly in-
volved; most transactions involving extrachromosomal
DNA elements are mediated by a combination of element-
and host-encoded proteins (Pato, 1989; Thompson and
Landy, 1989; Kleckner, 1990). Mutations in several E. coli
genes can affect Tn7 transposition (O. Hughes and
N. L. C., unpublished data). Reconstitution of Tn7 transpo-
sition in vitro with purified proteins will be required to iden-
tify both the Tns- and host-encoded participants in recom-
bination.

We propose that the Tn7 recombination proteins, to-
gether with the substrate donor and target DNAs, form a
specialized nucleoprotein assembly in which transposition
occurs. Elaborate protein—nucleic acid complexes also
mediate other recombination reactions, DNA replication,
transcription, and RNA processing (Echols, 1990). We are
attracted to the view that Tn7 transposition occurs in such
a complex, because no transposition intermediates or
products are detected in the absence of any required pro-
tein or DNA component. Thus, we imagine that the com-
plete transposition machinery must properly juxtapose the
three DNA segments involved in recombination—the two
transposon ends and the target DNA—and the multiple
transposition proteins, prior to the initiation of the strand
breakage and joining reactions that underlie recombina-
tion. In this scenario, attTn7 is recognized by the rest of
the recombination machinery before strand breakage at
the transposon ends occurs. Thus, specific recognition of
attTn7 actually provokes transposition by stimulating the
initiation of recombination.

What are the roles of the recombination proteins? Other
work from this laboratory has established that two of the
Tns proteins are sequence-specific DNA-binding proteins:
TnsB binds to the ends of Tn7 (McKown et ai., 1987; L.
Arcisewska, R. McKown, and N. L. C., unpublished data),
and TnsD binds to attTn7 (Waddel! and Craig, 1989; K.
Kubo and N. L. C., unpublished data). Possible roles for
TnsA and TnsC (and/or host proteins) include acting as
linker proteins to mediate the specific juxtaposition of the
TnsB-bound transposon ends and the TnsD-bound target
site and interacting with the positions of strand breakage
at the Tn7 termini and at attTn7.

Tn7 Transposition Is Nonreplicative
Two distinct pathways for the movement of transposable
elements have been identified: nonreplicative transposi-
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tion, in which the transposon is cut out of the donor site and
pasted into the target site; and replicative transposition, in
which a copy of the transposon is made by DNA synthesis
and inserted into the target site (Berg and Howe, 1989).
We have established that Tn7 translocates in vitro via a
nonreplicative mechanism (Figure 1). The principal evi-
dence for this view is that the transposition products we
observe are a simple insertion of Tn7 into att7n7 and a
linear donor molecule from which Tn7 has been excised.
In vivo studies also provide evidence that Tn7 transposes
to attTn7 via a nonreplicative mechanism (K. Orle, R. Gal-
lagher, and N. L. C., unpublished data).

The fate in vivo of the donor backbone from which Tn7
is excised is unknown. Tn7 transposition in vivo provokes
expression of the SOS system (A. Stellwagenand N. L. C,,
unpublished data), consistent with the production of a
gapped donor backbone (Roberts and Kleckner, 1988).
We do not observe simple rejoining of the backbone in
vitro or in vivo (data not shown). Perhaps the broken donor
backbone is lost when transposition occurs, i.e., donor sui-
cide occurs. Another possibility is that the broken donor
molecule is repaired by a double-strand-gap repair reac-
tion using an unbroken Tn7-containing donor molecule as
atemplate, as has been observed in Drosophila P-element
transposition (Engels et al., 1990).

The Tn7 Transposition Pathway

Our analyses have revealed that Tn7 transposition occurs
by a series of double-strand breaks and single-strand joins
(Figures 1 and 8). Double-strand breaks at the transposon
ends produce a linear excised transposon that is subse-
quently inserted by single-strand joins into an attTn7 target
site that is also broken by a double-strand break.

Double-strand cleavages of a donor molecule at both
Tn7L and Tn7R generate an excised transposon interme-
diate. These double-strand breaks are staggered, generat-
ing 5’ overhanging ends such that the 3'transposon termini
are cleanly exposed, but several nucleotides of donor
backbone remain attached to the 5' transposon strands.
We observe that three donor nucleotides are attached to
the 5’ transposon ends, suggesting that these staggered
cleavages are 3 bp in length. Because the species we have
analyzed were generated in a crude system, however, it
is difficult to exclude the possibility that a species with
longer donor sequences is initially produced and then exo-
nucleolytically reduced. Nonetheless, our studies have es-
tablished that the transposon ends are released from the
donor backbone via staggered breaks. The presence of
donor sequences on the 5’ transposon strands is not es-
sential for transposition.

The double-strand breaks at the termini of Tn7 need not
occur simultaneously. Similar amounts of donor mole-
cules broken at the junction of the donor backbone are
observed with either Tn7L or Tn7R, which are both con-
verted to insertion product. The ends of Tn7 are structur-
ally and functionally distinct (Arciszewska et al., 1989).
The orientation-specific insertion of Tn7 into attTn7 aliso
implies discrimination between the transposon ends. Our
observations here suggest that discrimination between

Tn7L and Tn7R occurs at a step other than formation and
utilization of the double-strand break species.

The target site must also be broken by a staggered
double-strand break; the joining of the ends of this break
to the transposon ends and subsequent repair of the re-
sulting gaps result in the hallmark target sequence dupli-
cation that accompanies transposon insertion (Grindley
and Sherratt, 1979; Shapiro, 1979). Like the cleavages
at the transposon ends, the staggered target cleavage
generates 5’ overhangs; the target cleavage overhangs
are 5 bp in length, as opposed to apparently 3 bp at the
transposon ends. In contrast with the donor DNA, no cleav-
age of the target DNA is detected prior to its linkage to the
transposon ends.

Upon Tn7 insertion, the 3' transposon ends are ligated
to the 5' target ends (Figure 8). Formation of the new bonds
between the target site and the transposon termini in-
volves single-strand joins in which high energy phospho-
diester bonds must be formed. The energy source for the
covalent bonds between transposon ends and target
strands is as yet undefined in Tn7 transposition. However,
we have established that the energy of the transposon-
donor bonds is not essential to the formation of the trans-
poson-target bonds: a transposon lacking the transpo-
son-donor bonds can join to the target site.

It will be important to identify the catalytic centers that
execute strand cleavages at the transposon ends and at
the target site. Because the two types of breaks have the
same polarity, i.e., staggered with 5' overlaps, both cleav-
ages may be carried out by the same polypeptide with
position specificity provided by other proteins that bind
specifically to the transposon ends and to att7Tn7. Alterna-
tively, the end and target cleavages may be carried out by
different polypeptides with their own specificity determi-
nants. Since conversion of the excised transposon to in-
sertion product apparently requires the same tns fractions
as a reaction using an intact donor molecule, no tns func-
tion appears to act exclusively in excision.

Comparison of Tn7 with Other

Transposable Elements

Tn7 transposition resembles the movement of retrotrans-
posons, particularly in forming an elaborate nucieoprotein
recombination complex. The origins of these complexes
are quite different: the Tn7 DNA in its complex is formed
by excision, whereas retrotransposon DNA in its complex
is formed by reverse transcription of an RNA intermediate
(Bowerman et al., 1989; Varmus and Brown, 1989). How-
ever, the initial joints between the element ends and inser-
tion sites are very similar. For both elements, the 3’
transposon strands are linked to the 5’ target ends, and
several nucleotides that will not appear in the final transpo-
sition product are attached to the ends of the 5’ transposon
strands (Fujiwara and Mizuuchi, 1988; Brown et al., 1989;
Eichinger and Boeke, 1990). With Tn7, these extra nucleo-
tides derive from staggered breaks at the transposon ter-
mini; with retrotransposons, these nucleotides derive from
single-strand cleavages of the linear retroviral DNA. These
extra nucleotides are presumably removed during repair
of the gaps that flank the initial insertion product.
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Prior to linkage with the insertion site, the phosphodies-
ter bonds that link Tn7 to its donor site are broken. Tn7 is
excised from the donor backbone by double-strand breaks,
and formation of a strand transfer intermediate is not ob-
served. The strand transfer intermediate, i.e., a joint mole-
cule in which the transposon, donor, and target are linked,
is a key intermediate in both nonreplicative and replicative
bacteriophage Mu transposition (Shapiro, 1979; Craigie
and Mizuuchi, 1985; Pato, 1989). Tn7, however, appears
to move exclusively by a nonreplicative reaction; excision
of the transposon prior to linkage to the target effectively
precludes a replicative reaction. Although distinct in tem-
poral order, the strand cleavages at the ends of Mu and
Tn7 are chemically similar, as are their target cleavages.
In both systems, the 3’ transposon strands are joined to 5'
overhanging target strands exposed by a staggered
double-strand break at the target (Mizuuchi, 1984). How-
ever, Tn7 is cut away from the donor site by staggered
double-strand breaks, whereas cleavage of the 3’ and 5’
Mu strands occurs at very different stages, recombination
being initiated by single-strand breaks at 3’ transposon
ends. The exact positions of the 5’ Mu strand cleavages
remain to be established.

The movement of Tn7 is, in several respects, highly
reminiscent of the movement of the bacterial transposon
Tn10 (Kleckner, 1989). Tn10 also translocates via a non-
replicative mechanism (Bender and Kleckner, 1986) that
invoives double-strand breaks at the transposon termini
(Morisato and Kleckner, 1987), an excised transposon is
a key recombination intermediate (Haniford et al., 1991),
and chemically similar joints are formed between the
transposon ends and target DNA (Benjamin and Kleckner,
1989). The ends of Tn10, however, appear to be exposed
by flush cleavages (Benjamin and Kleckner, 1989), whereas
those that expose the Tn7 ends are staggered.

A striking feature of Tn7 transposition revealed by this
work is the highly concerted nature of this reaction. It will
be interesting to determine how recognition of a single site
in a bacterial chromosome is achieved and is communi-
cated through multipie recombination proteins to trigger
strand cleavages at the transposon ends and thereby pro-
voke transposition.

Experimental Procedures

DNA Substrates

The donor plasmid pEM-1 contains a 1.6 kb mini-Tn7 slement flanked
by E. coli chromosomal sequences unrelated to attTn7 (Arciszewska
et al., 1989). The mini-Tn7 element contains a 166 bp Tn7L segment
and a 199 bp Tn7R segment flanking a kanamycin resistance gene;
these end segments contain the Tn7 cis-acting transposition Se-
quences. The terminal nucleotides of Tn7 are designated L1 and R1,
the numbers increasing toward the middle of the element. The attTn7
target plasmid pKAO4-3 (McKown et al., 1988) contains a 150 bp
segment that includes the sequences necessary for attTn7 target activ-
ity. Target DNA lacking attTn7 is Bluescript pKS+ (Stratagene, San
Diego, CA). pMIM-1 contains a mini-Tn7 element whose termini directly
adjoin Miul restriction sites (see Figure 4). The mini-Tn7 element with
flanking Mlul and BamHi| sites was made by PCR ampilification (below).
Following digestion with BamHlI, the amplified transposon was ligated
into BamHi-digested Bluescript pKS+. Prior to use, the transposon
was released by Miul digestion and gel purified using Gene Clean.
pLA11 and pLA24 are attTn7 plasmids that also contain Tn7R seg-
ments. To make pLA11, the EcoRl DNA fragment containing R199

from pLA1 (McKown et al., 1987) was inserted by blunt ligation into
Drall-digested pRM2 (McKown et al., 1987); position R199 is adjacent
to the polyiinker Hindlll site. To make pLA24, the EcoRI fragment
containing Tn7R42 from pCWS5 (Arciszewska et al., 1989) was inserted
by blunt ligation into Drall-digested pRM2; R42 is adjacent to the poly-
linker Hindll site.

tns Strains

Protein fractions were obtained from E. coli strains containing various
tns plasmids. The bacterial strains used were: MC4100, F- araD139A
A(argF-lac)U169 rpsL150 relA1 fibB5301 deoC1 ptsF25 rbsR (Casada-
ban, 1976); NLC51, MC4100 val® recA56 (McKown et al., 1987); and
SY 903.1, recA7 srl::Tn10, A(lac-pro) argEam araD Rif? Nal”/ Filac/®'
lacZ::Tn5 (Sauer et al., 1988). The tnsA strain was NLC51 carrying
pKAO52 (Orle and Craig, 1990), the tnsB strain was SY 903.1 carrying
ptac-tnsB (Arciszewska et al., 1989), the tnsC strain was NLC51 car-
rying pKKAO53 (Orle and Craig, 1990), and the tnsD strain was MC4100
carrying pCW23 (Waddell and Craig, 1988).

Cell Growth and Preparation of tns Fractions

Cells were grown at 37°C in LB broth supplemented with 100 pug/
ml carbenicillin. Celis were grown to an ODag of approximately 0.6,
harvested by centrifugation, washed in buffer A (256 mM HEPES [pH
7.5], 1 mM EDTA, 2 mM dithiothreitol [DTT], and 100 mM KCI) (Fuller
et al., 1981) and frozen as cell paste. Crude cell lysates (stage [) were
prepared by a freeze-thaw lysis method (Fuller et al., 1981) using
buffer A. The protein concentration of all lysates was about 20 mg/mi
except for that of NLC51 pKAOS53, which was about 10 mg/ml. Stage
11 tnsA and tnsC fractions were prepared by treatment of the crude cell
lysates with 1% polyethylenimine in buffer A at 500 mM KClI, collection
of the resulting supernatant by centrifugation, protein precipitation with
60% saturation ammonium sulfate, and resuspension and dialysis of
the resulting pellet with 25 mM HEPES (pH 7.5), 1 mM EDTA, 2 mM
DTT, and 500 mM KCI. The tnsB fraction was fraction I, about 0%
TnsB polypeptide (L. Arciszewska, R. McKown, and N. L. C., unpub-
lished data). The tnsD fraction was stage lll (about 1% TnsD, K. Kubo
and N. L. C., unpublished data). The host extract fraction was prepared
by boiling NLC51 crude cell lysate for 2 min and collecting the resulting
supernatant after centrifugation in a microfuge for 2 min at room tem-
perature.

In Vitro Transposition Reactions

Unless otherwise indicated, all reaction mixtures (100 u!) contained
0.1 pg (0.25 nM) of pEM donor plasmid, 2.0 ug (10.0 nM) of pKAO4—
3 attTn7 target plasmid, 2 mM ATP, 26 mM HEPES (pH 8.0), 1.3 mM
Tris-HCI (pH 8.0), 2.5 mM KPO,, 0.1 mM EDTA, 2.2 mM DTT, 15 mM
MgAc, 100 ug/mi tRNA, 50 ug/mi BSA, and 5% polyvinyl alcohol MW
8000. Reactions in Figures 2B, 6, and 7 also contained approximately
10 pg of stage |l insA extract, 100 ng of TnsB (fraction 1), 2.5 ug of
stage Il tnsC extract, 4 ug of stage Il tnsD fraction, 1 ug of stage Il host
extract, 128 mM KCI, 15 mM NaCl, and 0.8% glycerol (v/v). Reactions
in Figures 2A, 3, and 4B contained 5 g of stage Il tnsA fraction, 75
ng of TnsB, 2.5 ng of stage Il tnsC fraction, 4 ug of stage lll tnsD
fraction, and 1 ug of host fraction; the reactions in Figures 2A and 4B
also contained 50 mM KCI and 6 mM NaCl, and those in Figure 3 also
contained 136 mM KCl and 2.8 mM NaCl. The reactions in Figure 4A
contained 80 pg of stage | tnsA fraction, 75 ng of TnsB, 15 ug of stage
| tnsC fraction, 4 pg of stage Il tnsD fraction, 30 mM KC!, and 3 mM
NaCl, in addition to the NaCl indicated in the figure. The reactions in
Figure 9 contained a lower concentration (3 nM) of target plasmid, 40
ng of stage | tnsA fraction, 100 ng of TnsB, 10 ug of stage | tnsC
fraction, 4 ug of stage lll tnsD fraction, 128 mM KCI, 15 mM NaCl, and
0.8% (v/v) glycerol.

The order of addition of the components is unimportant, except for
MgAc, which must be added after preincubation of the other compo-
nents for 7 min at 30°C. After precincubation, MgAc is added, and
incubation is continued for 30 min at 30°C. MgCl, can be substituted
for MgAc, but neither CaCl, nor spermidine is effective. Reactions are
stopped and the DNAs recovered by a modification of the Hoopes
protocol (Hoopes and McClure, 1981; G. Gloor and G. Chaconas,
personal communication). Four hundred microliters of 10 mM Tris—
HCI (pH 7.5), 100 mM KCI, 5§ mM EDTA, and 55% (w/v) urea are added
to the reactions, followed by 56 ul of 100 mM spermine and then
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incubation for 15 min onice. The resulting pelletis collected by centrifu-
gation, resuspended in 200 wl of 10 mM MgAc and 300 mM NaAc,
tRNA added (150 p1g/ml), and the mixtures incubated for 10 min on ice.
DNA is recovered by ethanol precipitation and resuspended in 25 ul
of 10 mM Tris-HCI (pH 8.0), 1 mM EDTA, and 10 pg/m| RNAase.

Restriction and Gel Electrophoresis

Reaction DNA (5 pl) is digested with 30—40 U of EcoRlin 10 pl reactions
for 30 min at 37°C. (These rapid digestion conditions were used be-
cause of nucleases in the extracted DNAs.) After digestion, the DNAs
are electrophoresed in 0.7% agarose gels in 1x Tris—borate—-EDTA
buffer.

Southern Hybridization

DNA was electrotransferred to Nytran membranes (0.45 micron,
Schleicher and Schuell), and the DNA is covalently bound by ultraviolet
irradiation in a Stratalinker (Stratagene). The membrane is probed with
a radioactive DNA fragment specific for the mini-Tn7 element—the
1200 bp Pstl fragment— generated by random priming labeling (Fein-
berg and Vogelstein, 1984) using [u-**P}JdATP and the Kienow frag-
ment of DNA polymerase |. Hybridizations are carried out at 70°C
in a Hybrid-Eaze chamber (Hoefer Scientific Instruments). A 1-3 hr
prehybridization (1.0 M NaCl, 1.0% SDS) was followed by overnight
hybridization (10% dextran sulfate, 1.0 M NaCl, 1.0% SDS, 100 ng/
ml denatured saimon sperm DNA) with probe and followed by four
washes in high stringency buffer (0.1 x SSPE, 1% SDS) over a 2 hr
period.

Isolation of the Simple Insertion Transposition Product

The in vitro reaction product species were recovered and pooled from
20individual reactions. After EcoRlI digestion, the DNA was electropho-
resed on a 0.7% agarose gel in 1 x Tris—acetate-EDTA buffer. The gel
was stained with 0.5 ug/ml ethidium bromide, DNA was visualized with
long wave-length ultraviolet light, gel slices containing the desired
species were excised, and the DNA was purified with Gene Clean.

Oligonucleotide Primers

The primers are complementary to sequences at the junctions of the
ends of Tn7 and attTn7 (see Figure 5; sequences described in Craig,
1989). Tn7-L is complementary to L31—60 of the top strand at the left
end of Tn7; Tn7-R is complementary to R101-130 of the bottom strand
at the right end of Tn7. attTn7-L is complementary to att7Tn7 ~25 to —5
on the bottom strand of attTn7 and also has at its 5' end the 5 nt
complementary to the flanking polylinker region in pKAO4-3, which
flanks aftTn7 —25; attTn7-R is compiementary to att7n7 +32 to +56 on
the top strand of attTn7 and also has at its 5'end TTAA. Oligonucleo-
tides were labeled at their 5' ends using T4 polynucleotide kinase and
[y-*2PJATP (6000 Ci/mmol; ICN Radionucleotides).

Primer Extensions

Extension reactions (10 ) contained approximately 0.2 pmol of end-
labeled oligonucleotide, approximately 10 ng of isolated simple inser-
tion transposition product, 1 U of Taq polymerase (Cetus), dNTPs as
indicated below, and PCR buffer (10 mM Tris-HC! [pH 8.3], 50 mM
KCI, 2.0 mM MgCl., 0.01% gelatin). In some reactions (Figure 6),
dNTPs were added to 0.2 mM. Under these conditions, Taq polymer-
ase is highly processive, but 1-2 nt are added to the 3’ end of the
extension product owing to a high level of nontemplated nucleotide
addition (Clark, 1988). In other reactions {Figure 7), dNTPs were added
to 2 mM. Under this condition, no template-independent addition is
detected on the 3’ end of the extension product {see control in Figure
7), but the extensions are not highly processive. The extension prod-
ucts and DNA sequencing reactions, using the same primers as mark-
ers, were run on gels containing 6% polyacrylamide (19:1 acrylamide:
bisacrylamide), 42% (w/v) urea, and 1 x Tris-borate-EDTA.

Production of the Miul Transposon by PCR Amplification

We synthesized an R-terminus oligonucleotide primer complementary
to R1-19 of the top strand at the right end of Tn7 and to 17 of 19
positions in L1-19 of the bottom strand at the left end of Tn7 (positions
L14 and L16 differ from R14 and R16), plus an additional Mlul site, a
BamHi site, and two extra nucleotides. Using this oligonucieotide and
amini-Tn7 plasmid as template (Mullis and Faloona, 1987), PCR ampli-

fication was used to generate a linear transposon whose ends were
flanked by Miul and BamHI, which was used to produce pMIiM-1 (see
above). Reactions contained 100 pmol of primer, 1 fmol of EcoRI-cut
pEM, 2 mM dNTPs, and PCR buffer.

Production of Control PCR Transposon

PCR amplification and a mini-Tn7 plasmid template were used to pro-
duce a control transposon whose 5’ ends terminate at the last transpo-
son nucleotide (Figure 7). The primer was complementary to R1-19 of
the top strand at the right end of Tn7 and to 17 of 19 positions in L1~
19 of the bottom strand at the left end of Tn7 (positions L14 and L16
differ from R14 and R16). The 5' ends of this PCR transposon are
provided by the primer, and the 3’ ends will be generated by polymer-
ization; thus, the 5’ ends have a known structure. The resulting PCR
transposon was purifed through two cycles of agarose gel electropho-
resis with Gene Clean extraction.
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