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Transposase makes critical contacts with, and is
stimulated by, single-stranded DNA at the P element
termini in vitro

Eileen L.Beall and Donald C.Rio1

Department of Molecular and Cell Biology, 401 Barker Hall,
University of California, Berkeley, CA 94720-3204, USA
1Corresponding author
e-mail: don_rio@uclink4.berkeley.edu

P elements transpose by a cut-and-paste mechanism.
Donor DNA cleavage mediated by transposase gener-
ates 17 nucleotide (nt) 39 single-strand extensions at
the P element termini which, when present on oligo-
nucleotide substrates, stimulate both the strand-trans-
fer and disintegration reactions in vitro. A significant
amount of the strand-transfer products are the result
of double-ended integration. Chemical DNA modific-
ation–interference experiments indicate that during
the strand-transfer reaction, P element transposase
contacts regions of the substrate DNA that include the
transposase binding site and the duplex portion of the
31 bp inverted repeat, as well as regions of the terminal
17 nt single-stranded DNA. Together these data suggest
that the P element transposase protein contains two
DNA-binding sites and that the active oligomeric form
of the transposase protein is at least a dimer.
Keywords: disintegration/Drosophila/strand transfer/
transposition/transposon

Introduction

The transposase/integrase family of proteins catalyzes the
phosphodiester bond cleavage and joining reactions that
occur during DNA transposition and the integration of
retroviral proviruses (Mizuuchi, 1992a,b; Craig, 1995).
Biochemically, transposition can occur either by replicative
or cut-and-paste mechanisms (Craig, 1997). The funda-
mental chemical steps of transposition and retroviral
integration are similar in that water is used as the nucleo-
phile by the transposase/integrase protein during the first
step of the reaction, donor DNA cleavage. During the
second step of the reaction, strand transfer, the 39 hydroxyl
groups on the cleaved termini of the transposable element
or proviral genome are used as the nucleophiles when the
element is inserted into a new target site. Recently, a
reaction termed disintegration has been demonstrated to
occur by both the retroviral integrases (Chowet al., 1992;
Chow and Brown, 1994a) and the Tc-1 transposase protein
(Vos and Plasterk, 1994). During the disintegration reac-
tion, a substrate that mimics the strand-transfer inter-
mediate is cleaved to give products that represent the
cleaved donor DNA and linear double-stranded target site
DNA. The disintegration reaction has been useful for
detecting catalytic activity of wild-type and a variety
of mutant integrase proteins (Katz and Skalka, 1994).
Hydrolysis of a high-energy cofactor is not required during
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transposition or retroviral integration. In addition, the
chemical transesterification steps of the reaction are iso-
energetic, occur without the formation of a covalent
protein–DNA intermediate and are reversible.

Structural studies of the catalytic domains of the retro-
viral integrases and the Mu transposase protein reveal that
despite very little primary sequence homology, there is a
remarkable overall structural similarity between these
proteins. The similarities have been extended to include
members of the RNase H and Ruv C class of nucleases
(Dyda et al., 1994; Bujaczet al., 1995, 1996; Rice and
Mizuuchi, 1995; Riceet al., 1996). Previous biochemical
studies, mutagenesis experiments and sequence com-
parisons suggest that the integrase family of proteins uses
a conserved set of acidic amino acids (the catalytic triad
or DDE motif) to coordinate the metal ions that are
involved in catalyzing the phosphodiester transesterific-
ation reactions (Kulkoskyet al., 1992; Baker and Luo,
1994; Katz and Skalka, 1994; Bolland and Kleckner, 1996;
Sarnovskyet al., 1996). Metal ion coordination is critical
for other types of phosphodiester bond reactions performed
by polymerases, nucleases and ribozymes (Linnet al.,
1993; Pyle, 1993; Steitz and Steitz, 1993). Mutation of
any one of the three DDE catalytic residues in several
bacterial transposases or retroviral integrases results in
substantial or complete loss of activity.

P transposable elements inDrosophila melanogaster
transpose by a cut-and-paste mechanism (Engelset al.,
1990; Kaufman and Rio, 1992). The 87 kDa P element-
encoded transposase protein requires the cofactors GTP
and Mg21 for activity (Kaufman and Rio, 1992; Mul and
Rio, 1997). During P element transposition, transposase
binds to sequences near the P element termini (Kaufman
et al., 1989) and catalyzes the cleavage and strand-transfer
steps of the transposition reaction (Kaufman and Rio,
1992; Beall and Rio, 1997). Approximately 150 bp of
DNA are required at each end of the P element for efficient
transposition to occurin vivo (Mullins et al., 1989). This
region of DNA contains the terminal 31 bp inverted
repeats, the internal transposase binding sites and the
internal 11 bp inverted repeat transposition enhancer
elements. Several genetic and biochemical studies indicate
that following P element transposition, double-stranded
DNA break repair functions are required that include the
participation of the Ku and DNA-dependent protein kinase
(DNA-PK) proteins (Beallet al., 1994; Weaver, 1995;
Beall and Rio, 1996). Recent biochemical studies of the
P element transposase-catalyzed donor DNA cleavage
reaction demonstrate that transposase makes a staggered
cleavage at the P element termini to generate 17 nucleotide
(nt) 39 extensions at each P element end (Beall and Rio,
1997). This novel cleavage pattern explains the nature of
chromosomal P element excision events because small
amounts of P element sequence are often left behind at
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the cleavage site following P element excisionin vivo
(Takasu-Ishikawaet al., 1992; Staveleyet al., 1995). In
addition, the cleaved termini may trigger DNA repair by
recruitment of the Ku–DNA-PK complex, since short DNA
overhangs can serve as binding sites for the mammalian Ku
proteinin vitro (Mimori and Hardin, 1986; Jackson, 1996).

Because of the unusual nature of the cleaved termini
following P element excision, we wanted to test whether
substrates that mimic the authentic cleaved termini were
efficient substrates for transposase during the strand-
transfer step of the transposition reaction. Here we
demonstrate that oligonucleotide substrates containing a
transposase binding site and the 31 bp terminal inverted
repeat are used as substrates during the strand-transfer
reactionin vitro. We show that substrates containing 17
nt single-stranded extensions, but not flush or smaller 39
extensions, stimulate both the transposase-mediated
strand-transfer and disintegration reactionsin vitro,
indicating that the DNA representing the cleaved P element
terminus is an intermediate in the transposition reaction.
Using chemical DNA modification–interference methods
to determine both the phosphate and the base-specific
transposase–DNA contacts during the strand-transfer reac-
tion, we show that transposase contacts both the double-
and the single-stranded regions of the substrate DNA. The
unusually long, single-stranded nature of the cleaved
P element termini appears to be critical for efficient
transposase-mediated strand transfer and may trigger DNA
repair following P element excision and integrationin vivo.

Results

Expression and purification of P element

transposase

In order to facilitate the biochemical analysis of the P
element transposition reaction, we expressed and purified
transposase from two different eukaryotic expression sys-
tems. Recently we found that expression vectors containing
a chemically resynthesized N-terminal fragment of the
transposase-protein coding sequence allowed for higher
levels of transposase expression inDrosophilacell culture
(Lee et al., 1996; Mul and Rio, 1997). In addition, the
involvement of theDrosophilaKu–DNA-PK in P element
transposition suggests that post-translational modific-
ation(s) may be required for transposase activity (Beall
and Rio, 1996). Therefore, we expressed and purified P
element transposase fromDrosophila cell culture and as
a maltose binding protein (MBP)-fusion from Sf9 insect
cells infected with a recombinant baculovirus (Figure
1). The recombinant transposase proteins were purified
using conventional and/or affinity chromatography (see
Materials and methods). The purity of each transposase
preparation was determined by SDS–polyacrylamide gel
electrophoresis and silver or Coomassie Blue staining
(Figure 1).

Disintegration is stimulated by oligonucleotide

substrates containing single-stranded DNA at the

transposon terminus

The phosphodiester bond transesterification reactions of
transposition do not require high-energy cofactor hydro-
lysis or involve covalent protein–DNA intermediates
(Cech, 1987; Mizuuchi, 1992a,b; Craig, 1995). Using
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Fig. 1. Transposase-containing protein fractions used to studyin vitro
activities. Analysis of the purified P element transposase-containing
fractions by SDS–polyacrylamide gel electrophoresis on 7.5%
acrylamide gels is shown. The gels were stained with either
Coomassie Blue (MBP–Tnp) or silver (T0.6). Positions of the
molecular weight (Mr) markers with Mr in kDa are indicated on the
left of each panel. (A) A recombinant baculovirus encoding the
transposase protein as a MBP fusion was used to express transposase
in Sf9 cell culture (MBP–Tnp). Whole cell extracts were prepared
from infected cells and MBP–transposase purified following
chromatography on amylose agarose (see Materials and methods).
Approximately one fiftieth of the total peak fraction is shown.
(B) Transposase was purified fromDrosophilacell culture nuclear
extracts using heparin–agarose chromatography. The flow-through
fraction was chromatographed on a nonspecific DNA-affinity column
(TdT), and the protein eluted with increasing KCl. BSA was added to
the fraction at 50µg/ml. Approximately one fiftieth of the 0.6 M KCl
fraction is shown.

model oligonucleotide substrates and Mn21, several retro-
viral integrases have been shown to catalyze a reaction
termed disintegration (Chowet al., 1992). During disinte-
gration, the bond between the viral long terminal repeat
(LTR) DNA and host DNA is broken and the target site
is rejoined to give products that resemble an unintegrated
viral LTR end and a duplex DNA target site, a schematic
diagram of which is shown in Figure 2A for the P element
end-containing disintegration substrates. Disintegration
has been used as an indicator of the catalytic activity of
several retroviral integrase proteins (Chowet al., 1992;
Katz and Skalka, 1994).

In order to develop a disintegration assay for P element
transposase, we designed oligonucleotide substrates that
resemble an integrated P element end and contain either
a flush (Figure 2A, left) or a 17 nt 59 recessed, non-
transferred strand (Figure 2A, right). The P2–17 substrate
represents an authentic P element transposase-cleaved
terminus that has been integrated into a new target site
(Beall and Rio, 1997). The oligonucleotides were derived
from the left (59) P element end and contain the 31 bp
inverted repeat and transposase binding sites attached to
a natural P element target site. The branched oligomer
disintegration substrates were gel purified following radio-
labeling of the 16 nt T1 oligonucleotide and annealing of
the remaining three oligonucleotides (T3, P2 and P1/
T2-L). Transposase-mediated disintegration produces a
30 nt product that is detected following denaturing gel
electrophoresis (Figure 2A).
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Fig. 2. Single-stranded DNA at the P element terminus stimulates
disintegration. (A) Schematic diagram of the substrates used in the
disintegration assay. Oligonucleotides derived from the left (59) P
element end (P1/T2-L and P2 or P2–17) that contain the transposase-
binding site (light gray box) and the 31 bp inverted repeat (dark gray
box) were annealed to oligonucleotides containing a natural target site
(T1 and T3) to produce substrates that mimic an integrated P element
terminus. Two different substrates were tested in the disintegration
assay: either a flush-ended substrate (left side of figure) in which the P
element end is flush with the target site junction or a 17 nt, 59
recessed substrate (right side of figure) that represents an authentic
cleaved P element terminus. The branched oligomer substrates contain
a 59 end radiolabeled oligonucleotide T1 (asterisk) and were gel-
purified prior to use. Disintegration results in cleavage of the P
element end from the target site (arrow) and ligation of the resulting
nick at the target site junction to produce a 30 nt product that is
detected following denaturing polyacrylamide–urea gel electrophoresis.
For simplicity, only the products of the P2–17 disintegration reaction
are shown at the bottom of the figure. (B) Drosophila- (T0.6) and
baculovirus-produced (MBP–Tnp) transposase were tested in the
disintegration assay as illustrated above. Reactions were performed at
30°C for 2 h, and products analyzed by denaturing polyacrylamide–
urea gel electrophoresis and autoradiography. Shown is an
autoradiogram from an experiment in which both of the branched
oligomer substrates were tested either in the presence (1, even lanes)
or absence (–, odd lanes) of the cofactor GTP. F, flush-ended
substrate; –17, substrate containing the 17 nt, 59 recessed substrate;
NP, reactions in which transposase was omitted. The sizes expected for
the free 16 nt T1 oligonucleotide and the 30 nt disintegration product
are indicated on the right with arrows. Values from PhosphorImager
quantitation of the products are reported in Table I. Chemical DNA
sequencing analysis of the purified disintegration product from the
MBP–Tnp reaction confirmed that the product of the reaction is
authentic (data not shown). For each substrate, ~100 ng MBP–Tnp and
~10 ng T0.6 were tested for activity. Positions of the radiolabeled
pBR322 MspI cleaved molecular weight marker DNAs are indicated
on the left.

Both purified transposase protein fractions were incub-
ated with the disintegration substrates and MnCl2 in the
presence or absence of GTP (Figure 2B). When MgCl2
was used in the assay, transposase-induced disintegration
was not observed (E.L.Beall and D.C.Rio, unpublished).
Both the baculovirus- andDrosophila-produced trans-
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posase proteins were stimulated by the addition of GTP
to produce a 30 nt product (Figure 2B). A low amount of
disintegration was observed without added GTP, which
may be due to low levels of GTP bound to the transposase
protein. Chemical DNA sequencing of the 30 bp MBP–
Tnp reaction product confirmed the accuracy of the dis-
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integration reaction (E.L.Beall and D.C.Rio, unpublished).
Disintegration was stimulated either 6-fold (MBP–Tnp)
or 7-fold (T0.6) when the P2–17 substrate was used in
the reaction (Figure 2B, compare lanes 4 and 6 and lanes
8 and 10). Titration experiments performed with the MBP–
Tnp protein fraction showed decreased disintegration with
decreased transposase concentration demonstrating that
the MBP–Tnp is less efficient than T0.6 for disintegration.
In addition, vaccinia virus- andEscherichia coli-produced
transposase proteins were less efficient for disintegration
(E.L.Beall and D.C.Rio, unpublished). Taken together,
these data demonstrate that both theDrosophila- and
baculovirus-produced transposase proteins catalyze dis-
integration in the presence of Mn21 and GTP. In addition,
substrates containing an authentic P element cleaved end
(P2–17) stimulate transposase-mediated disintegration,
suggesting that the DNA substrate structure is critical for
catalysis by transposase.

Strand transfer is stimulated by oligonucleotide

substrates containing single-stranded DNA at the

transposon terminus

The ability of transposase to use oligonucleotide substrates
during the disintegration reaction prompted us to examine
whether transposase could also use terminal P element
oligonucleotides during the strand-transfer step of the
transposition reaction. We used several different oligo-
nucleotide substrates that all contain a P element terminal
31 bp inverted repeat and a transposase-binding site
derived from the right (39) P element end (Figure 3A and
B). Oligonucleotides derived from the left (59) P element
end were less efficient substrates for transposase during
the strand-transfer reaction (E.L.Beall and D.C.Rio, unpub-
lished). For each substrate, the oligonucleotide that is
joined to the target DNA (P1) was radiolabeled at the 59
end, annealed to the non-transferred strand oligonucleotide
(P2), and incubated with transposase, GTP, Mg21 and a
tetramer of the plasmid, Bluescript, as the target DNA
(Kaufman and Rio, 1992). The reaction products were
analyzed by agarose gel electrophoresis and autoradio-
graphy. If transposase catalyzes the strand-transfer reac-
tion, products resulting from either relaxed circular single-
ended, or linear double-ended strand-transfer events will
be detected by the transfer of the radioactivity from the
free substrate oligonucleotide to that of the plasmid target
DNA (Figure 3A).

The T0.6 transposase-containing protein fraction was
tested in the strand-transfer assay using several different
DNA substrates. The substrates were either flush (P2
flush), recessed 17 nt on the non-transferred strand (P2–
17), recessed 9 nt on the non-transferred strand (P2–9),
mutated at the transposase binding site (mutant), recessed
1 nt on the transferred strand (P1–1) or mutated at the
nucleotide joined to the target DNA (P1 G to T) (Figure
3B). We observed reaction products corresponding to both
linear, double-ended and relaxed circular, single-ended
strand-transfer products, with a significant amount of
the products resulting from double-ended strand transfer
(Figure 3C). The transposase protein required GTP as a
cofactor (Figure 3C, lane 1) and was stimulated ~25-fold
by the substrate representing the authentic precleaved P
element terminus (Figure 3C, compare lanes 2 and 3).
Transposase showed an ~14-fold reduced activity when
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the P2–9 substrate was used (Figure 3C, compare lanes 3
and 4). Transposase also showed reduced strand transfer
when either the mutated transposase binding site substrate
(Figure 3C, lane 5 at ~18-fold reduced activity) or the P1
G to T substrate was used (Figure 3C, lane 7 at ~45-
fold reduced activity). Transposase was unable to use a
substrate that lacked the terminal transferred nucleotide
(P1–1) (Figure 3C, lane 6). Strand-transfer products were
not observed when the transposase protein was omitted
from the reaction (Figure 3C, lanes 8–13). The MBP–
transposase protein performed strand transfer at levels
similar to, but lower than, the levels detected for the
Drosophila-produced T0.6 protein fraction (Figure 3C,
lanes 14 and 15). In addition, vaccinia virus- andE.coli-
produced transposase proteins also demonstrated a low
level of strand-transfer activity (E.L.Beall and D.C.Rio,
unpublished). It is interesting that the mutated transposase
binding site substrate did not completely abolish strand-
transfer activity (Figure 3C, lane 5). Because this substrate
still contains the authentic 17 nt 59 recessed terminus,
transposase may recognize not only the specific transpos-
ase-binding site nucleotide sequence, but also the unusual
structure of the P element terminus during the strand-
transfer reaction. In addition, these data suggest that
transposase is functioning as a multimer during strand
transfer since one reaction product, double-ended strand
transfer, results from the concerted integration of two
oligonucleotide substrates into the plasmid target DNA
within close proximity.

In order to confirm that the strand-transfer products
were authentic, the T0.6 transposase-catalyzed products
were subjected to chemical DNA-sequencing analysis. We
found that the chemical sequencing ladder extended from
the radiolabeled nucleotide to the transferred P element
nucleotide (Figure 3D). Following the transferred G nucle-
otide, the sequence became a random distribution of
bases that represented different target site DNA insertions
demonstrating that the strand-transfer products were
authentic. Interestingly, the P element end was predomi-
nantly transferred to target DNA sequences that began
with a G (Figure 3D). A consensus target site DNA
sequence was compiled from a variety of target sites
selected by P element transposasein vivo, and was found
to be the sequence 59-GGCCAGAC (O’Hare and Rubin,
1983). Our data indicate that during thein vitro strand-
transfer reaction, transposase used target sites similar to
the sites usedin vivo and that the preferred target site
began with a G.

Transposase contacts both single- and

double-stranded regions of the substrate DNA

during strand transfer

Protein–DNA interactions can be investigated using a
variety of chemical probing methods (Wissmann and
Hillen, 1991; Cao and Revzin, 1993) as well as using gel
retardation or DNase I footprinting methods. While these
latter methods are useful for studying proteins with a high
binding-site specificity, they rarely provide information
about critical transient DNA contacts that are made during
the assembly of catalytically active nucleoprotein com-
plexes. For the HIV integrase protein, chemical modific-
ation of the DNA substrate was successfully used to
determine the sites of contact between the integrase protein
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and the substrate DNA during strand transfer (Bushman
and Craigie, 1992; Chow and Brown, 1994b). For Mu
transposase, the DNase I footprinting pattern on single-
ended Mu DNA was distinct from that of catalytically
active transposase–DNA complexes (Mizuuchiet al.,
1991). DNase I footprinting analysis was used to determine
that P element transposase binds to sites within the P
element sequence that are either 40 or 52 bp away from
the sites of cleavage (Kaufmanet al., 1989). We reasoned
that additional contacts must be made between the trans-
posase protein and the P element termini that are not
detected by DNase I footprinting methods since trans-
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posase presumably contacts the terminal nucleotides during
the DNA cleavage and strand-transfer reactions.

In order to investigate the base-specific sites of inter-
action between the transposase protein and the substrate
DNA during strand transfer, we used a ‘missing base’
method (Brunelle and Schleif, 1987) in which either
formic acid was used to depurinate or hydrazine was used
to depyrimidinate the strand-transfer substrates prior to
incubation with transposase. The sites of DNA modific-
ation were identified following piperidine cleavage. In
addition, we investigated the phosphate-specific contacts
between the transposase protein and the strand-transfer
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substrate DNA by using ethylation interference, in which
ethylnitrosourea (ENU) was used to modify nonbridging
phosphoryl oxygens on the substrate DNA prior to incub-
ation with transposase (Siebenlist and Gilbert, 1980). The
sites of phosphate modification were identified following
cleavage of the labile phosphotriester bond with alkali.
We prepared the radiolabeled, modified oligonucleotide
substrates and performed large scale strand-transfer reac-
tions using the T0.6 protein fraction as the transposase
source (Figure 4). Separate reactions were performed to
examine contacts made on both the transferred (P1) or
non-transferred (P2–17) strand using the authentic, 17
nt 59 recessed strand-transfer substrate. The transferred
products were purified from an agarose gel, chemically
cleaved at the modified positions, and subjected to denatur-
ing polyacrylamide gel electrophoresis (Figure 4). By
comparing reactions that were performed in the presence
or absence of transposase, critical sites of contact were
determined by the reduction or absence of a product
fragment in the lane that contained transposase during
the reaction.

Using the missing base method and a radiolabeled
transferred (P1) strand substrate, several positions were
identified in which base removal resulted in a reduced
recovery of the modified DNA at those positions in the
presence of transposase (Figure 5A and B). These positions
include: regions within the single-stranded DNA near the
strand-transferred terminus (Figures 5A and 7; G52 and
T51 which showed,10% activity when bases were
removed at these positions), other sites within the 17 nt
single-stranded extension and the duplex region containing
the 31 bp inverted repeat (Figures 5A and 7) and every
position within the transposase binding site (Figures 5B
and 7). Our strand-transfer data, demonstrating that either
a change in the transferred nucleotide from G to T or
removal of the terminal G nucleotide reduced or abolished
transposase activity (Figure 3C), is consistent with the
critical nature of the terminal nucleotide in strand transfer.
In addition, previous mutagenesis experiments determined
that the duplex portion of the 31 bp inverted repeat, as
well as the transposase binding site and single-stranded
region of the 31 bp inverted repeat, are critical for P

Fig. 3. Single-stranded DNA at the P element terminus stimulates strand transfer. (A) Schematic diagram of the strand-transfer assay.
Oligonucleotides derived from the right (39) P element end that contain the transposase binding site (light gray box) and the 31 bp inverted repeat
(dark gray box) were annealed to produce substrates that mimic a cleaved P element terminus. Transposase-containing fractions were incubated with
radiolabeled (asterisk) substrate DNA for 15 min on ice. The strand-transfer reaction was initiated by adding GTP, Mg21 and the plasmid DNA
target. After 2 h at30°C the reactions were proteinase K-treated, deproteinized, ethanol-precipitated and analyzed by agarose gel electrophoresis.
Strand transfer of the free substrate oligonucleotide to the plasmid DNA target results in both relaxed circular single-ended or linearized double-
ended transfer products, as shown. (B) Schematic diagram of the different oligonucleotide strand-transfer substrate DNAs. Substrates all contain the
transposase-binding site (light gray boxes) and the 31 bp inverted repeat (dark gray boxes) separated by a 9 bpspacer sequence. P1, transferred
strand; P2, non-transferred strand. The substrates were either flush (P2 flush), recessed 17 nt on the non-transferred strand (P2–17), recessed 9 nt on
the non-transferred strand (P2–9), mutated at the transposase binding site (mutant), recessed 1 nt on the transferred strand (P1–1) or mutated at the
nucleotide joined to the target DNA (P1 G to T). The mutated nucleotides are indicated by lower case letters. (C) DrosophilaT0.6 (lanes 1–7) and
baculovirus MBP–Tnp (lanes 14 and 15) were tested in the strand-transfer assay as described above. Shown is an autoradiogram from an experiment
in which all of the different strand-transfer substrates described in Figure 3B were tested. All reactions contained the cofactors GTP and Mg21

unless otherwise indicated. All substrates were radiolabeled at the 59 end of the transferred (P1) strand. The positions of the strand-transfer products
are indicated by arrows. SET, single-ended transfer; DET, double-ended transfer; No protein, reactions in which transposase was omitted. Values
from PhosphorImager quantitation of the products are reported in Table II. For each reaction, 0.5 pmol of radiolabeled substrate DNA, ~10 ng of the
T0.6 and ~100 ng of the MBP–Tnp transposase-containing fractions were tested. The flush-ended substrate was used in the reactions lacking GTP
(lane 1). Identical results were obtained for all of the different substrates when GTP was omitted from the reaction (data not shown). (D) Large scale
strand-transfer reactions were performed using the T0.6 transposase fraction and the radiolabeled P2–17 substrate DNA. Reaction products
corresponding to both the SET and DET were isolated from an agarose gel. Chemical DNA sequencing analysis of the purified products is shown.
The relevant sequence is indicated, with P element 31 bp inverted repeat sequence boxed and numbered from the terminal P element nucleotide.
Authentic strand-transfer products display a readily discernible sequencing ladder up to the transferred nucleotide that is followed by a random
sequence array representing different target site insertions.
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element transposition to occurin vivo (Mullins et al.,
1989). Interestingly, increased strand transfer (.200%)
was observed with the removal of a base at position T38,
T36, T35 or C34 (Figures 5A and 7). Since these positions
are opposite the cleavage site, it is possible that base
removal at these sites causes a local distortion in the DNA
that increases the affinity of transposase for these modified
DNAs (see Discussion). When the experiment was
repeated using a radiolabeled non-transferred strand (P2–
17) substrate, positions within the 31 bp inverted repeat
(Figures 5D and 7) and the transposase-binding site
(Figures 5C and 7) were identified which inhibited the
strand-transfer reaction when the bases were removed at
those sites. For both strands, varying degrees of interfer-
ence were detected at each site which presumably reflect
the different levels of transposase inhibition at each
position of the modified strand-transfer substrate. These
data indicate that in addition to the previously identified
sites of contact at the transposase binding site, transposase
makes critical base contacts within the duplex region of
the 31 bp inverted repeat and the 17 nt single-stranded
DNA segment during assembly and/or catalysis of the
strand-transfer reaction.

Using radiolabeled, ENU-treated substrate DNA, phos-
phate groups that are important for contact with transposase
during the strand-transfer reaction were identified (Figure
6). Ethylation at several transferred strand (P1) phosphate
positions resulted in reduced recovery of the DNA
ethylated at those positions in the presence of transposase
(Figure 6A and B). These positions include: regions
within the single-stranded DNA near the strand-transferred
terminus (Figures 6A and 7; for example pG52, pT51 and
pA50), several sites within the 17 nt single-stranded
extension and the duplex region containing the 31 bp
inverted repeat (Figures 6A and 7) and several positions
within the transposase binding site (Figures 6B and 7).
When the experiment was repeated using the radiolabeled
non-transferred strand (P2–17) substrate DNA, only one
position within the transposase binding site and four sites
within the 31 bp inverted repeat were found to be important
for contact with transposase during strand transfer (Figure
6C and D). Interestingly, several positions showed
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Fig. 4. Schematic diagram of the experiments used to determine the
critical contacts made between the transposase protein and the
substrate DNA during strand transfer. The radiolabeled P2–17 strand-
transfer substrate was treated with ENU to ethylate the nonbridging
phosphoryl oxygens, hydrazine to depyrimidinate or formic acid to
depurinate the DNA prior to strand transfer. For simplicity, sites of
ethylation or base removal are represented by a bent line. In separate
experiments, either the transferred strand (P1) was radiolabeled at the
59 end (asterisk), or the non-transferred strand (P2) was radiolabeled to
investigate transposase–DNA interactions with both strands
independently. Following chemical treatment, the DNAs were used in
large scale strand-transfer assays with the T0.6 transposase fraction.
Strand-transfer products (both single- and double-ended transfers) were
isolated from agarose gels and the purified DNA treated with either
NaOH (ethylated DNA) or piperidine (missing base DNA) to cleave
the DNA at the site of chemical modification. The cleaved products
were analyzed by denaturing gel electrophoresis and autoradiography.
Positions at which the chemical modification interferes with the ability
of transposase to use that molecule during strand transfer are revealed
as a reduction or a gap in the ladder (1Tnp lane) when the products
are compared with reactions in which transposase is omitted (–Tnp
lane).

increased strand transfer when ethylated (Figure 6A, C
and D). The reason for the enhancement is not understood,
but may be due to removal of the negative charge on the
phosphate or a change in the DNA conformation at the
modified position that increases the affinity of transposase
for the modified DNA.

The results from the missing base and ethylation inter-
ference experiments are summarized in Figure 7A and as
a B-form DNA model of the oligonucleotide substrate in
Figure 7B. It is clear from the DNA model that specific
phosphate contacts cluster within the transposase-binding
site and the duplex portion of the 31 bp inverted repeat,
and that the clusters lie on similar faces of the DNA helix
(Figure 7B, white spheres). In addition, the majority of
base- and phosphate-specific contacts appear to be located
within the major groove of the DNA helix at both regions
of the substrate DNA. The cluster of specific phosphate
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contacts within the single-stranded DNA region near the
transferred nucleotide may lie on the same face of the
DNA helix as the transposase binding site. For simplicity,
the single-stranded region of the substrate DNA is shown
as a helical form in Figure 7B. However, it is not known
whether the single-stranded region remains helical after
the donor DNA cleavage reaction. Taken together, these
data indicate that the transposase protein must contact
both single- and double-stranded regions of the substrate
DNA during the strand-transfer reaction, and that the
catalytically active form of transposase may be a multimer
(see Discussion). Some positions of modification appear
to enhance reactivity, presumably due to effects on the
structure or charge of the substrate DNA. The contacts
that show the most dramatic reduction in transposase
activity occur at the terminal nucleotides (Figure 7), in
which both base- and phosphate-specific contacts presum-
ably allow for proper substrate recognition, alignment and
strand transfer.

Discussion

The results presented here demonstrate that P element
transposase can use model oligonucleotide substrates dur-
ing the strand-transfer step of the transposition reaction.
The 17 nt single-stranded extension normally produced
by transposase during the cleavage step of the transposition
reaction stimulates both the strand transfer and the disinte-
gration reactionsin vitro. In addition, a series of chemical
modification–interference experiments indicate that trans-
posase recognizes the terminal single-stranded region as
well as two duplex regions of the substrate DNA during
the strand-transfer reaction. Our data support and extend
previous in vivo studies of the P element transposition
reaction. We find that target site selection is similar to
target sites selectedin vivo (O’Hare and Rubin, 1983). In
addition, some of the contacts made between the trans-
posase protein and the substrate DNA outside of the
consensus transposase binding site map to regions within
the terminal 31 bp inverted repeats that had previously
been identified as being required for transposition by P
element mutagenesis experimentsin vivo (Mullins et al.,
1989). Together, these data provide a better understanding
of how P element transposase–DNA interactions occur to
carry out the different chemical steps of the P element
transposition reaction.

DNA structure is critical for transposase

The use of single transposon end strand-transfer oligo-
nucleotide substrates allowed us to examine the role of
the 17 nt single-stranded region during both the strand-
transfer and disintegration reactions. The data presented
here show that the single-stranded region is important for
both reactions. In addition, substrates containing the 17 nt
single-stranded region represent a true intermediate in the
transposition reaction since flush-ended substrate DNAs
were not efficiently used during strand transfer (Figure 3).
Our data suggest that following cleavage, the transposon
termini do not remain as a duplex prior to strand transfer.
Our data also suggest that the P element transposase
‘active site’ accommodates both duplex DNA during donor
DNA cleavage and single-stranded DNA during strand
transfer. This flexibility within the active site of the
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Fig. 5.Transposase makes several base contacts within the single-stranded and duplex regions of the substrate DNA during strand transfer. Shown are the
piperidine-cleaved products from the missing base strand-transfer substrate DNA reactions. Maxam–Gilbert chemical sequencing reactions (lanes 1–4 for
each panel) are shown as markers. For each strand, the sequence is numbered from the 59 end of the radiolabeled oligonucleotide. The transposase-binding
site sequence is boxed and the 17 nt single-stranded region is indicated by a line. GA, reactions in which the substrate DNA was depurinated prior to
strand transfer (lanes 5–7 for each panel); CT, reactions in which the substrate DNA was depyrimidinated prior to strand transfer (lanes 8–10 for each
panel). PhosphorImager quantitation was performed on every band for each of the lanes marked –Tnp and1Tnp (data not shown) and these data used to
determine the sites of contact between the transposase protein and the substrate DNA. Black asterisk, positions in the1Tnp lane that showed from 0–40%
of the –Tnp levels when the base was removed; gray asterisk, positions in the1Tnp lane that showed 40–60% of the –Tnp levels when the base was
removed; black dots, positions in the1Tnp lane that showed.200% of the –Tnp levels when the base was removed. (A andB) Identification of the base
contacts made between the transposase protein and the transferred (P1) strand. Shown are autoradiograms from reactions in which the transferred (P1)
oligonucleotide was radiolabeled and the products analyzed on 12% (A) or 23% (B) polyacrylamide–urea sequencing gels.1Tnp, piperidine-cleaved,
transposase-mediated strand-transfer products; –Tnp, piperidine-cleaved substrate DNA; ladder, lanes in which the relevant DNA sequencing reactions
were loaded for comparison (either GA or CT Maxam–Gilbert DNA sequencing reactions). (C andD) Identification of the base contacts made between
the transposase protein and the non-transferred (P2–17) strand. Shown are autoradiograms from reactions in which the non-transferred (P2–17)
oligonucleotide was radiolabeled and the products analyzed on 12% (C) or 23% (D) polyacrylamide–urea sequencing gels.1Tnp, piperidine-cleaved,
transposase-mediated strand-transfer products; –Tnp, piperidine-cleaved substrate DNA; ladder, lanes in which the relevant sequencing reactions were
loaded for comparison (either GA or CT Maxam–Gilbert sequencing reactions).
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Fig. 6. Transposase makes several phosphate contacts within the single-stranded and duplex regions of the substrate DNA during strand transfer.
Shown are the NaOH-cleaved products from reactions that were performed with ethylated strand-transfer substrate DNAs. Maxam–Gilbert chemical
DNA sequencing reactions (lanes 1–4 in A, B and D and lanes 5–8 in C) are shown as markers. For each strand, the sequence is numbered from the
59 end of the radiolabeled oligonucleotide. The transposase binding site sequence is boxed and the 17 nt single-stranded region is indicated by a line.
209, reactions in which the substrate DNA was treated with ENU for 20 min prior to strand transfer (lanes 5 and 6 in A, B and D and lanes 1 and 2
in C); 409, reactions in which the substrate DNA was treated with ENU for 40 min prior to strand transfer (lanes 7 and 8 in A, B and D and lanes 1
and 2 in C). PhosphorImager quantitation was performed on every band for each of the lanes marked –Tnp and1Tnp for the 20 min ethylation only
(data not shown) and these data were used to determine the sites of contact between the transposase protein and the substrate DNA. Black,,
phosphate positions in the1Tnp lane that showed from 0–40% of the –Tnp levels when ethylated; gray,, phosphate positions in the1Tnp lane
that showed 40–60% of the –Tnp levels when ethylated; small arrows, phosphate positions in the1Tnp lane that showed 110–130% of the –Tnp
levels when ethylated; large arrows, phosphate positions in the1Tnp lane that showed.130% of the –Tnp levels when ethylated. Note that NaOH
cleavage at ethylated phosphates generates both hydroxyl- and ethyl-phosphate 39 termini that are represented as multiple bands that migrate more
slowly than the Maxam–Gilbert DNA sequencing ladder markers (Siebenlist and Gilbert, 1980). Therefore, the phosphates were assigned to the base
in the sequencing ladder that migrates just below the phosphate band. For the 23% acrylamide gels shown in (B) and (D), phosphate assignments
were based on comparisons to synthetic, radiolabeled, small oligonucleotides (data not shown; see Materials and methods) and the corresponding
assignments indicated on the right side of each panel. For both panels, anomalous migrations relative to the Maxam–Gilbert sequencing markers
were only observed for the hydroxyl-containing product forms,12 nt in length. (A andB) Identification of the phosphate contacts made between
the transposase protein and the transferred (P1) strand. Shown are autoradiograms from reactions in which the transferred (P1) oligonucleotide was
radiolabeled and the products analyzed on 12% (A) or 23% (B) polyacrylamide–urea sequencing gels.1Tnp, NaOH-cleaved, transposase-mediated
strand-transfer products; –Tnp, NaOH-cleaved substrate DNA. (C andD) Identification of the phosphate contacts made between the transposase
protein and the non-transferred (P2–17) strand. Shown are autoradiograms from reactions in which the non-transferred (P2–17) oligonucleotide was
radiolabeled and the products analyzed on 12% (C) or 23% (D) polyacrylamide–urea sequencing gels.1Tnp, NaOH-cleaved, transposase-mediated
strand-transfer products; –Tnp, NaOH-cleaved substrate DNA.
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Fig. 7. A model of the contacts made between transposase and the substrate DNA during strand transfer. (A) A schematic representation of both the
base- and phosphate-specific contacts made between transposase and the strand-transfer substrate DNA. All of the symbols are as described in
Figures 5 and 6. The transposase-binding site is boxed in light gray, and the 31 bp inverted repeat is boxed in dark gray. Both the transferred (upper)
and non-transferred (lower) strands are numbered from the 59 ends. (B) B-form DNA model of the base- and phosphate-specific contacts made
between transposase and the strand-transfer substrate DNA. Both strands of the substrate DNA are shown in green, and the phosphate backbones are
drawn as ribbons. For simplicity, the 17 nt single-stranded region is also depicted as B-form DNA. Whether the 17 nt single-stranded region is
helical in the substrate DNA is unknown. White spheres, phosphates that show 10–60% strand-transfer activity when ethylated (both black and gray
in Figure 7A); red spheres, phosphates that show,10% strand-transfer activity when ethylated; yellow, phosphates that show enhanced reactivity
(.110%) when ethylated (small and large arrows in Figure 7A); purple bases, bases that show,60% strand-transfer activity when removed (black
and gray asterisks in Figure 7A).

recombinase may be a general feature of the transposase/
integrase protein family since several recombinases are
able to use substrates that contain duplex, mispaired
or single-stranded termini, such as RAG1/RAG2, Mu
transposase and the retroviral integrases (Savilahtiet al.,
1995; Cuomoet al., 1996; Ramsdenet al., 1996; Scottoline
et al., 1997). However, P element transposase is unique
in that the single-stranded nature of the naturally cleaved
termini is essential for efficient strand transfer.

Previous studies using bacteriophage Mu transposase
(Savilahti et al., 1995), retroviral integrases (Scottoline
et al., 1997) and the Rag-1/Rag-2 proteins during V(D)J
recombination (Cuomoet al., 1996; Ramsdenet al., 1996)
suggest that distortion of the DNA duplex near the site of
DNA cleavage or strand transfer stimulates the reaction.
These experiments imply that the recombinases may
facilitate the chemical steps of the reaction by altering the
conformation of the substrate DNA during the reaction.
Our data using chemically modified DNA substrates
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during the strand-transfer reaction suggest that P element
transposase may also alter the conformation of the DNA
during the cleavage reaction. The 31 bp inverted repeat
sequence is invariant among all P elements, yet base
recognition at the bases opposite the cleavage site TT
does not appear to be critical for transposase-catalyzed
strand transfer (Figures 5A and 7). In fact, increased
strand transfer was observed with substrates that lacked a
base or negative phosphate charge at positions opposite
the cleavage site TT (Figures 5A and 6A) and may be
due to a more accurate representation of the strand-transfer
intermediate in these DNAs. Increased strand transfer
upon removal of a base in the substrate DNA implies that
a structural constraint was mediated by the removed
nucleotide. This finding suggests that transposase may be
stimulated by, or cause local distortions in, the DNA helix
at or near the site of cleavage during transposition. Missing
base contact studies of the bovine papillomavirus type
1 (BPV-1) E2 protein revealed increased DNA-binding
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activity when bases were removed from a spacer sequence
between the E2 half-site binding sites (Liet al., 1989).
The increase in activity was ascribed to a bend in the
DNA which facilitated binding of monomers within the
protein dimer which was later confirmed by X-ray crystal-
lography (Hegdeet al., 1992). Furthermore, DNA flexibil-
ity has been shown to enhance the interaction of RNA
polymerase with sites in anE.coli promoter sequence
(Werel et al., 1991), as well as enhance cooperative
interactions betweenλ repressor protein dimers and the
operator binding sites (Hochschild and Ptashne, 1986).
The finding that significant amounts of the strand-transfer
products are double-ended (Figure 3C), and that there are
two regions of contact made by transposase protein within
the strand-transfer substrate that are located on similar
faces of the DNA helix (Figure 7), suggests that the active
form of transposase is at least a dimer (see below). It is
possible that flexibility in, or distortion of, the DNA helix
surrounding the cleavage site for transposase may be
facilitated by protein–protein interactions following
assembly of the transposition complex containing two P
element ends.

The unique nature of the cleaved P element

termini

After P elements are excised from chromosomal locations
in vivo, most or all of both the 17 nt extensions are
frequently retained at the excision site (Takasu-Ishikawa
et al., 1992; Staveleyet al., 1995). The extensions may
act as a signal that a transposition event has been initiated
so that the DNA end-joining repair machinery is targeted
to the site of damage. In mammalian cells, several proteins
are known to be involved in double-strand DNA break
end-joining repair which include the Ku (p70 and p80)
and DNA-PKcs (p465) proteins. Cell lines containing
mutations in either of the Ku subunits or the DNA-PKcs
protein display sensitivity to DNA damaging agents and
defects in V(D)J recombination (Taccioliet al., 1993,
1994; Blunt et al., 1995; Boubnov et al., 1995;
Kirchgessneret al., 1995; Erramiet al., 1996; Guet al.,
1997). Genetic and biochemical data suggest that the
analogousDrosophila Ku–DNA-PK complex is required
for repair of double-strand DNA breaks following P
element transposition (Beall and Rio, 1996). In fact, the
P element cleavage site occurs directly adjacent to the
Drosophila Ku p70 (IRBP)-binding site (Rio and Rubin,
1988) such that the single-stranded DNA extensions con-
tain the complete IRBP-binding site. The mammalian
Ku–DNA-PK complex recognizes single-double-stranded
DNA junctions, gaps and hairpins (Mimori and Hardin,
1986; Paillard and Strauss, 1991; Griffithet al., 1992). It
is possible that the single-stranded P element sequences
left at the donor site after transposase-mediated cleavage
may already contain, or are subsequently bound by, the
Drosophila Ku–DNA-PK complex. Subsequently,
phosphorylation of downstream targets by the activated
Ku–DNA-PK and/or induction of the Ku ATPase and
helicase activities (Caoet al., 1994; Tutejaet al., 1994)
may trigger the double-stranded DNA break repair
mechanisms. Targeting the Ku–DNA-PK complex to the
sites of P element transposase-cleaved DNA would allow
efficient donor DNA repair following P element
excisionin vivo.
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While other cut-and-paste transposons, such as Tn7,
Tn10 and Tc1/3, cleave the non-transferred strand within
a few nucleotides of the transposon terminus (Bainton
et al., 1991; Benjamin and Kleckner, 1992; van Luenen
et al., 1994; Gary et al., 1996; Vos et al., 1996), P
elements contain extensive single-stranded DNA at the
termini following cleavage. The data presented here sug-
gest that the single-stranded nature of the P element
termini is critical for efficient strand transfer or integration
of the excised transposon. Since theDrosophila Ku p70
DNA-binding site will also be retained on the cleaved
element termini, Ku–DNA-PK bound at the element ends
may facilitate the integration into, and DNA repair at, the
new target site. Development ofin vitro cleavage (Beall
and Rio, 1997) and strand-transfer assays should allow
direct tests of the effects of the Ku–DNA-PK complex on
P element transposase activity.

The active form of the transposase protein is at

least a dimer

Previous DNase I protection experiments did not indicate
that the P element transposase protein interacts with the
terminal 31 bp inverted repeats (Kaufmanet al., 1989).
These experiments did not allow for the examination of
transposase–DNA contacts made throughout the course of
the transposition reaction. The chemical modification–
interference experiments presented here indicate that the
transposase protein makes critical contacts with the single-
stranded and two distinct double-stranded regions of the
substrate oligonucleotides during strand transfer. Similarly
for the Mu transposase and retroviral integrase proteins,
important protein–DNA interactions were found to occur
at the element termini when functional activity assays
rather than simple DNA-binding experiments were used
to assess such interactions (Mizuuchiet al., 1991; Bushman
and Craigie, 1992; Chow and Brown, 1994b). Consistent
with this notion, we found that UV cross-linking experi-
ments failed to reveal differential binding of transposase
to modified DNAs carrying 5-iodouracil substitutions
within or outside the regions of protein contact identified
by the modification–interference studies (E.L.Beall and
D.C.Rio, unpublished). It is possible that specific trans-
posase–DNA interactions within the 31 bp inverted repeats
will be revealed only under functional assay conditions.

Our results indicate that multiple complex DNA–protein
interactions must take place to catalyze the trans-
esterification reaction of strand transfer. Studies with
the retroviral integrase proteins reveal that single-ended
integration predominantly occursin vitro, yet the protein
itself oligomerizes (Engelmanet al., 1993; van Gentet al.,
1993; Ellison and Brown, 1994; Ellisonet al., 1995;
Zhenget al., 1996). Studies of the Mu transposase protein
using oligonucleotide substrates reveal that the strand-
transfer reaction is most efficient when precleaved DNA
derived from the right Mu DNA end is used in the
presence of DMSO (Craigie and Mizuuchi, 1987; Mizuuchi
and Mizuuchi, 1989; Namgoonget al., 1994). Under these
conditions, the two ends are stably bound by a tetramer
of the Mu transposase protein (Mizuuchi and Adzuma,
1991; Mizuuchiet al., 1991) and nearly equal amounts
of both single-ended and double-ended strand-transfer
products are observed (Aldazet al., 1996; Yanget al.,
1996). Unlike Mu transposase and the retroviral integrases,
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we found that the P element transposase protein generates
significant amounts of the two-ended product during strand
transfer when the oligonucleotide substrate contains the
authentic cleaved terminus. However, when DMSO and
zwitterionic detergents were included in the reaction we
found an increased ratio of single-ended:double-ended
strand-transfer products (E.L.Beall and D.C.Rio, unpub-
lished). It appears that under modified reaction conditions
the requirements for nucleoprotein complex assembly
leading to concerted strand transfer are relaxed. The
observation that a majority of the strand-transfer products
are double-ended (to generate a linear product; Figure 3A)
suggests that double-ended strand transfer is probably
promoted by oligomerization of the transposase protein.
Oligomerization may also be critical to juxtapose the
active sites of individual transposase monomers to generate
the 17 nt staggered double-stranded DNA breaks during
the P element cleavage reaction (Beall and Rio, 1997).

The finding that there are two clusters of critical
phosphate contacts within the duplex portion of the strand-
transfer substrate that lie on similar faces of the DNA
helix (Figure 7B) is also consistent with an oligomer
(possibly a dimer) of transposase catalyzing the strand-
transfer reaction. The transposase site-specific DNA-bind-
ing domain is located within the N-terminal 88 amino
acids of the protein (Leeet al., 1996; C.Lee, E.Beall and
D.Rio, submitted), whereas the catalytic domain lies
within the C-terminus (Y.Mul, B.Wang and D.C.Rio,
unpublished). Studies with bacterially expressed N-ter-
minal transposase protein fragments indicate that the
DNA-binding domain of the transposase protein has some
affinity for the 31 bp inverted repeats (Leeet al., 1996;
C.Lee, E.Beall and D.Rio, submitted). By having the
DNA-binding domain separated from the catalytic domain,
a high degree of flexibility within the transposase protein
can be achieved such that one monomer (or dimer) of
transposase bound to each transposase-binding site at the
P element termini can readily interact with the cleavage
and/or strand-transfer site either 40 or 52 bp away.
However, whether transposase is acting as an oligomer
during P element transposition has yet to be determined.
The ability of P element transposase to catalyze double-
ended strand transfer should provide a way to study both
the active oligomeric state of the transposase protein and
the interactions of the transposase protein with the target
site DNA during the reaction. The ability of transposase
to use simple oligonucleotide substrates during strand
transferin vitro should facilitate future studies examining
the biochemistry of P element transposition.

Materials and methods

Preparation of oligonucleotide substrates
All oligonucleotides were synthesized on an ABI model 392 DNA
synthesizer. After deprotection, the oligonucleotides were purified by
denaturing urea-polyacrylamide gel electrophoresis, eluted, concentrated
with n-butanol and precipitated with ethanol.

Preparation of recombinant transposase proteins
A recombinant baculovirus encoding the transposase protein was created
from the transposase cDNA (Mul and Rio, 1997) and the MBP coding
sequence obtained by PCR from the plasmid pMAL-c2 (New England
Biolabs). The MBP–transposase fragment was inserted into the baculo-
virus transfer vector, pVL1393 (Pharmingen), and transfected into Sf9
cells along with baculogold viral DNA (Pharmingen) by liposome-
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mediated transfection using standard methods. After plaque purification
and amplification, 10–15 cm dishes of Sf9 cells were infected at an
m.o.i. of 10. Sixty hours after infection, the cells were harvested and
used to prepare whole-cell sonicated extracts (Chenet al., 1994). The
MBP–transposase fusion protein was purified using amylose agarose
chromatography as described (Ausubelet al., 1987). The peak fraction
contained ~100 ng/µl transposase protein as judged by Coomassie Blue-
stained SDS–polyacrylamide gels containing known amounts of bovine
serum albumin.

P element transposase was purified from theDrosophila Schneider
L2 stable cell line pUChygMT-Tnp, following CuSO4 induction as
described (Mul and Rio, 1997). Briefly, nuclear extracts were precipitated
with ammonium sulfate and fractions containing transposase pooled,
dialyzed and chromatographed on heparin–agarose (Kaufmanet al.,
1989). All buffers contained 50 mM NaF to inhibit phosphatase activity.
The flow-through (H0.1FT) contained highly active transposase, as
determined by a genetic-based plasmid assay (Kaufman and Rio, 1992).
The H0.1FT transposase-containing fraction was chromatographed on a
nonspecific DNA affinity resin (TdT) essentially as described (Kaufman
et al., 1989; Beall and Rio, 1997). The transposase protein was eluted
with increasing KCl and the 0.6 M KCl peak fraction (T0.6) was used
in the strand-transfer and disintegration assays. Both fractions contained
~10 ng/µl transposase protein as judged by silver-stained SDS–polyacryl-
amide gels containing known amounts of bovine serum albumin.

In vitro disintegration assay
The DNA oligonucleotides used for the disintegration assays are as
follows:

T1: 59-GTCTGACAGTCCAAGG

P1/T2L: 59-CACTGAATTTAAGTGTATACTTCGGTAAGCTTCGGC-
TTTCGACGGGACCACCTTATGTTATTTCATCATGGCCAGCGGGT-
CTCG

P2: 59-CATGATGAAATAACATAAGGTGGTCCCGTCGAAAGCCG-
AAGCTTACCGAAGTATACACTTAAATTCAGTG

T3: 59-CGAGACCCGCTGGCCCTTGGACTGTCAGAC

P2–17: 59-AGGTGGTCCCGTCGAAAGCCGAAGCTTACCGAAGT-
ATACACTTAAATTCAGTG.

The oligonucleotides were gel-purified and 50 pmol of T1 was
radiolabeled at the 59 end using T4 polynucleotide kinase and [γ-32P]ATP
(6000 Ci/mmol; ICN). 250 pmol each of P1/T2-L, P2 and T3 were
annealed to the radiolabeled T1 oligonucleotide and the branched
oligomer disintegration substrate gel-purified following electrophoresis
on a 10% native polyacrylamide gel as described (Chowet al., 1992).

Reaction conditions for the disintegration assay were as follows:
~100 fmol of radiolabeled disintegration substrate was incubated with the
transposase-containing fractions in a volume of 15µl in chromatography
buffer (HGKED: 20 mM HEPES–KOH, pH 7.6, 20% glycerol, 100 mM
KCl, 0.5 mM EGTA, 0.5 mM EDTA, 1 mM DTT, 0.2 mM PMSF, with
the addition of 100µg/ml bovine serum albumin) containing 10 mM
MnCl2 and 2 mM GTP such that the final [KCl]ø35 mM. Reactions
were performed at 30°C for 2 h and terminated by the addition of 15µl
deionized formamide/30 mM EDTA/loading dyes. For the reactions
using the T0.6 transposase-containing fraction, poly-dIdC was included
to compete with nuclease activity present in this fraction. One fifth of
the total reaction products were analyzed on 15% polyacrylamide–urea
sequencing gels. Products were quantitated by PhosphorImage analysis
(Fuji) and corrected for loading variations by comparison of the total
radioactivity loaded in each lane. The corrected values were used to
calculate the percentage of disintegration activity for each substrate and
transposase protein fraction and the ratio of the P2–17:Flush (P2) activity
was used to calculate the fold-activation. Table I shows the results from
data presented in Figure 2B.

Table I. Corrected values from PhosphorImager quantitation used in
disintegration assay

Corrected values for

Flush (P2) P2–17 Fold-activation

MBP–transposase 26.50 152.21 6
T0.6 18.84 140.31 7
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Table II. Values from PhosphorImager quantitation of products in the
strand-transfer assay

Protein sample Substrate Corrected values Difference

T0.6 –GTP 79.52
Flush 170.02
P2–17 4230.76 253 increase
P2–9 308.97 143 decrease
mutant 236.41 183 decrease
P1–1 26.06 1623 decrease
P1 G to T 45.2 453 decrease

In vitro strand-transfer assay
The DNA oligonucleotides used for the strand-transfer assays are
as follows:

P1: 59-CGTTAAGTGGATGTCTCTTGCCGACGGGACCACCTTATG-
TTATTTCATCATG

P1-mutant: 59-CGCAGCACTACGGTCTCTTGCCGACGGGACCAC-
CTTATGTTATTTCATCATG

P1–1: 59-CGTTAAGTGGATGTCTCTTGCCGACGGGACCACCTTA-
TGTTATTTCATCAT

P1 G to T: 59-CGTTAAGTGGATGTCTCTTGCCGACGGGACCACC-
TTATGTTATTTCATCATT

P2: 59-CATGATGAAATAACATAAGGTGGTCCCGTCGGCAAGAG-
ACATCCACTTAACG

P2–17: 59-AGGTGGTCCCGTCGGCAAGAGACATCCACTTAACG

P2–9: 59-ATAACATAAGGTGGTCCCGTCGGCAAGAGACATCCAC-
TTAACG

P2-mutant: 59-AGGTGGTCCCGTCGGCAAGAGACCGTAGTGCT-
GCG.

The oligonucleotides were gel-purified and 11.6 pmol of P1 (or
variants of P1 described above), radiolabeled at the 59 end using T4
polynucleotide kinase and [γ-32P]ATP (6000 Ci/mmol, ICN) 11.6 pmol
of P2 (or variants of P2 described above), was annealed to the
radiolabeled P1 oligonucleotide, and the duplex DNA strand-transfer
substrate removed from the unincorporated [γ-32P]ATP using Probe-
Quant G-50 microcolumns (Pharmacia).

Reaction conditions for the strand-transfer assay were as follows:
0.5 pmol of radiolabeled strand-transfer substrate was incubated with
~100 ng MBP–Tnp or ~10 ng T0.6 transposase-containing fractions in
a volume of 6µl in chromatography buffer (HGKED: 20 mM HEPES–
KOH, pH 7.6, 20% glycerol, 100 mM KCl, 0.5 mM EGTA, 0.5 mM
EDTA, 1 mM DTT, 0.2 mM PMSF, with the addition of 100µg/ml
bovine serum albumin). Binding was carried out on ice for 15 min. The
reaction was initiated by addition of: 0.353HGKED (0 M KCl), 5 mM
Mg(OAc)2, 2 mM GTP and 100 ng Bluescript tetramer target DNA to
make a total volume of 20µl, and [KCl]ø35 mM. Reactions were
performed at 30°C for 2 h, terminated by the addition of 125µl of
50 mM Tris–HCl, pH 7.5, 10 mM EDTA, 0.3 M NaCl, 1% SDS,
250 µg/ml yeast RNA and incubated at 37°C for 30 min with
0.1 mg/ml proteinase K. The reactions were extracted with 25:24:1
phenol:chloroform:isoamyl alcohol and ethanol-precipitated. The pellets
were resuspended in 10µl TE containing 100µg/ml RNase A and
analyzed by agarose gel electrophoresis. The gels were dried onto
Whatman DE-81 paper to ensure that the unreacted oligonucleotide
substrate DNA was retained and the dried gels were analyzed by
autoradiography. Products were quantitated by PhosphorImage analysis
(Fuji) and corrected for loading variations by comparison of the total
radioactivity loaded in each lane. The corrected values were derived
from the total amount of radioactivity for both the single- and double-
ended strand-transfer products. The ratio of the P2–17:Flush activity
was used to calculate the fold-increase in transposase activity for the
P2–17 substrate. The ratio of the P2–17:mutated substrate activity was
used to calculate the fold-decrease in transposase activity for each mutant
substrate. Table II shows the results from the data presented in Figure 3C.

For the experiment described in Figure 3D, large scale (53 increased)
strand-transfer reactions were performed using the T0.6 transposase-
containing fraction and radiolabeled P1 oligonucleotide annealed to
unlabeled P2–17. The combined single- and double-ended strand-transfer
products were excised from agarose gel slices following electrophoresis
and autoradiography. The DNA was purified using Qiagen Gel Extraction
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Kit and the eluted DNA was dried. The purified DNA was subjected to
Maxam–Gilbert chemical sequencing (Ausubelet al., 1987) and the
products analyzed on a 10% polyacrylamide–urea sequencing gel.

Chemical modification–interference assays
The P2–17 strand-transfer substrate was prepared as described above
following radiolabeling of either the P1 or the P2–17 oligonucleotide.
Annealed substrate DNAs were treated with ENU for either 20 or 40
min for the ethylation interference experiments (Wissmann and Hillen,
1991). Annealed substrate DNAs were treated with hydrazine (to
depyrimidinate) or formic acid (to depurinate) for the missing base
experiments (Cao and Revzin, 1993). Following ethanol-precipitation,
the substrate DNAs were resuspended in TE/0.1 M NaCl and the strands
reannealed before use. For the sequencing ladder markers, radiolabeled
oligonucleotides (either P1 or P2–17) were subjected to Maxam–Gilbert
sequencing reactions using standard protocols (Ausubelet al., 1987).

Large scale (103 increased) strand-transfer reactions were performed
with the chemically modified strand-transfer substrate DNAs. The
combined single- and double-ended strand-transfer products were excised
from an agarose gel following electrophoresis and autoradiography. The
DNA was purified using GeneClean (Bio-101 kit) and the eluted DNA
ethanol precipitated with 10µg glycogen as a carrier.

For the ENU-treated samples, the DNA was resuspended in 60µl
10 mM NaPO4/1 mM EDTA, pH 7.0. 5µl of 1 M NaOH was added to
30 µl of the DNA sample prior to heating at 90°C for 30 min. 5µl of
1 M HCl was added and the products ethanol precipitated using 10µg
glycogen as a carrier. The precipitated DNA was washed extensively
with 70% ethanol and dried. The pellet was resuspended in 0.1 M
NaOH/1 mM EDTA and an equal volume of deionized formamide/
loading dyes. The products were analyzed on both 12 and 23%
polyacrylamide–urea sequencing gels.

For the products analyzed on 23% denaturing gels, the Maxam–
Gilbert sequencing ladder cannot be used to assign positions for the
very small DNAs (Bushman and Craigie, 1992). Therefore, size markers
were synthesized that correspond to the expected 39-hydroxyl-containing
alkali-cleaved products for the P1-transferred strand small DNAs:

59 pCpG
59 pCpGpT
59 pCpGpTpT
59 pCpGpTpTpApA
59 pCpGpTpTpApApGpT
59 pCpGpTpTpApApGpTpGpG

and for the P2 nontransferred strand small DNAs:

59 pApG
59 ApGpG
59 pApGpGpTpGpG.

The oligonucleotides were radiolabeled at the 59 end using T4
polynucleotide kinase and [γ-32P]ATP (6000 Ci/mmol; ICN).
[α-32P]dATP and [α-32P]dCTP (3000 Ci/mmol; Amersham) were treated
with snake venom phosphodiesterase (Pharmacia) to produce pA and
pC markers. Alkali-cleaved, ENU-treated DNAs were analyzed alongside
radiolabeled marker DNAs on 23% polyacrylamide–urea sequencing
gels and phosphate assignments based on alignment with the standard
DNAs (data not shown). The ethylphosphate-containing alkali-cleaved
products were not identified for the small DNAs because of the absence
of a suitable marker.

For the missing base samples, the DNA was resuspended in 50µl
1 M piperidine and heated at 90°C for 30 min. 300µl of dH2O was
added and the samples lyophilyzed. The lyophilyzation was repeated
twice and the pellets resuspended in 0.1 M NaOH/1 mM EDTA and an
equal volume of deionized formamide/loading dyes. The products were
analyzed on both 12 and 23% polyacrylamide–urea sequencing gels.

Every band in Figures 5 and 6 for the1 and – transposase reactions
was quantitated by PhosphorImager analysis (Fuji) and corrected for
loading variations by comparing the total radioactivity loaded in each
lane. Comparison of the corrected values for each band between the
1Tnp and –Tnp lanes was used to determine whether transposase could
use the DNA modified at each position during strand transfer. A
quantitation value in the1Tnp lane that was,60% of the –Tnp value
was considered important for contact by transposase. Weaker effects that
were not interpreted may still be of importance for interaction between
transposase and the substrate DNA.

The computer model of the B-form DNA transposase-substrate contact
sites (Figure 7B) was generated using Bio-Sim Insight II, version
95.0.4 software.
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