
Analysis of P Element Transposase Protein-DNA Interactions
during the Early Stages of Transposition*□S

Received for publication, May 17, 2007, and in revised form, June 29, 2007 Published, JBC Papers in Press, July 19, 2007, DOI 10.1074/jbc.M704106200

Mei Tang‡, Ciro Cecconi§, Carlos Bustamante‡¶�**, and Donald C. Rio‡1

From the ‡Department of Molecular and Cell Biology, Division of Genetics, Genomics and Development
and Division of Biochemistry and Molecular Biology, Center for Integrative Genomics, University of California,
Berkeley, California 94720, §CNR-INFM-S3 University of Modena e Reggio Emilia, 41100 Modena, Italy,
the ¶Department of Physics, University of California, Berkeley, California 94720, and the �Howard Hughes
Medical Institute, **Lawrence Berkeley National Laboratory, Berkeley, California 94720

P elements are a family of transposable elements found in
Drosophila that move by using a cut-and-paste mechanism and
that encode a transposase protein that usesGTPas a cofactor for
transposition. Here we used atomic force microscopy to visual-
ize the initial interaction of transposase protein with P element
DNA. The transposase first binds to one of the two P element
ends, in the presence or absence ofGTP, prior to synapsis. In the
absence of GTP, these complexes remain stable but do not pro-
ceed to synapsis. In the presence of GTP or nonhydrolyzable
GTP analogs, synapsis happens rapidly, whereas DNA cleavage
is slow. Both atomic forcemicroscopy and standard biochemical
methods have been used to show that the P element transposase
exists as a pre-formed tetramer that initially binds to either one
of the two P element ends in the absence of GTP prior to synap-
sis. This initial single end bindingmay explain some of the aber-
rant P element-induced rearrangements observed in vivo, such
as hybrid end insertion. The allosteric effect of GTP in promot-
ing synapsis by P element transposasemay be to orient a second
site-specific DNA binding domain in the tetramer allowing rec-
ognition of a second high affinity transposase-binding site at the
other transposon end.

Mobile genetic elements are ubiquitous among both pro-
karyotic and eukaryotic organisms (1). Genome sequencing
projects have shown that transposable elementsmake up a sub-
stantial fraction of eukaryotic genomes, including 49% of the
human genome (2, 3). Thesemobile elements can lead tomuta-
tions and genome rearrangements and appear to play a role in
genome evolution (4, 5). The mechanisms by which trans-
posons aremobilized can be grouped based uponwhether there
is a DNA or an RNA intermediate (1, 4, 5). P elements use a
cut-and-paste mechanism with a DNA intermediate, related to
those used by the Tn5, Tn10, and Tn7 prokaryotic transposons
and the eukaryotic Tc1/mariner family (6–8). Studies of P ele-

ment transposition in vitro have demonstrated cofactor
requirements for both GTP and magnesium ions (Mg2�) (6,
9–11). Although divalent metal ions are universally required
cofactors for transposase proteins (1, 12, 13), the P element
reaction is unique among this family of polynucleotidyltrans-
ferases in the use of GTP as a cofactor (9). Recent studies have
shown that GTP promotes pre-cleavage synaptic complex
assembly between the P element termini and the transposase
protein (14). Previous in vitro studies had also shown that non-
hydrolyzable GTP analogs support both the P element DNA
cleavage and joining reactions (9). Furthermore, GTP does not
effect the binding of P element transposase to the high affinity
sites near the transposon termini, as assayed by DNase I foot-
printing (9, 15). Whereas some transposon systems have been
studied with respect to the assembly state of their transposase,
the oligomeric state of the active P element transposase protein
and how it initially interacts with P elementDNAare unknown.
In cases where it has been studied, other transposases are able
to function as dimers, tetramers, or hexamers to carry out the
catalytic steps of transposition (1, 12, 16). For Mu transposase,
DNA binding actually promotes tetramer formation (17–19).
In V(D)J recombination, a dimeric complex of RAG2 and a
dimer or trimer of RAG1 protein recognizes the recombination
signal sequence (20, 21); for the Hermes transposase a hexamer
is the active species (16); for the mariner family transposase,
Mos1 is a dimer or tetramer (22–25); and for themariner family
member, Himar 1, is a tetramer (26). For Tn5 and Tn10, the
protein acts as a dimer, with a single active site acting in trans at
each transposon end (27–30). Thus, it has been of interest to
understand the oligomeric state of transposase during P ele-
ment transposition.
Here we use atomic force microscopy (AFM)2 to visualize

and quantitate the initial transposase protein-DNA complexes
formed on P element DNA ends in the absence of GTP, prior to
synapsis of the P element termini. Biochemical methods show
that P element transposase exists as a tetramer in solution, in
the absence of DNA.We have also used AFM to determine the
volume of the transposase protein, in the absence and presence
of DNA, and we used this information to determine the native
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molecular weight of the protein by
comparison with the relative vol-
umes of a set of standard proteins;
these measurements also indicate
that the P element transposase
exists as a tetramer in both condi-
tions. This method of AFM protein
volume determination has been
used previously to analyze the size
of protein-DNA complexes involved
in transcription and DNA repair
(31, 32). Our AFM data indicate
that a pre-formed transposase tet-
ramer initially interacts with
either P element terminus, in the
absence of GTP, prior to GTP-de-
pendent synaptic complex forma-
tion. These studies also show that
synapsis is rapid with GTP or non-
hydrolyzable GTP analogs but that
donor DNA cleavage occurs more
slowly. These studies show initial
binding of a pre-formed tetramer
of P element transposase to one P
element end and suggest that the
GTP cofactor somehow orients a
second DNA binding domain in
the oligomer to interact with the
high affinity transposase-binding
site near the other P element end
leading to synaptic complex for-
mation. This two-stage binding/
synapsis might explain how inap-
propriate pairing in vivo of two P
element ends from different P ele-
ments might give rise to ectopic
chromosomal rearrangements some-
times observed, such as hybrid ends
insertions and deletions (33–35).

EXPERIMENTAL PROCEDURES

Protein Standards for Protein
Volume Measurements—RNA po-
lymerase holoenzyme was kindly
provided by Dr. Caroline Kane
(University of California, Berkeley).
Alcohol dehydrogenase, bovine se-
rumalbumin, and thyroglobulinwere
purchased from Sigma.
Protein Purification and Excision

Activity Assay—P element trans-
posase tagged at the C terminus was
purified as described previously (10,
14), and activity assays by LM-PCR to
detect donorDNAcleavagewereper-
formed as described (11).
DNA Preparation—The DNA

substrate, containing a 0.6-kbp P

FIGURE 1. P element transposase protein binds as a pre-formed tetramer to one of the two P element
ends prior to synapsis. A, diagram of P element excisim and integration; B, upon brief incubation of the
protein with DNA (1–30 min), transposase protein binds to either one of the two transposon ends of a 629-bp
P element flanked by 300 and 600-bp DNA tails (300 – 600-600). Diagrams at the top of each panel indicate the
position at which the transposase binds along the DNA molecule. The transposase proteins bound to DNA are
indicated by white arrows. These images were from reactions performed in the absence of GTP.
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element flanked by 0.3- and 0.6-kb adjacent non-P element
DNA,was prepared as described (14). TheDNA substrate, con-
taining 2.9-kb full-length P element flanked by 0.2- and 0.3-kb
adjacent non-P element DNA, was prepared the same way
using P�25.1 as a template (36), and high fidelity Taq polymer-
ase was used in the PCR step.
Transposase Assembly and Excision Reactions—Assembly

and excision assays were carried out as described (9, 11, 14, 37).
P element donor cleavage reactions were carried out by mixing
1 �l of purified 3� polyoma epitope-tagged transposase (�50
�g/ml) in HGKED buffer (25 mM Hepes-KOH, pH 7.6, 20%
glycerol, 0.5 mM DTT, 1 mM EDTA, 1 mM phenylmethylsulfo-
nyl fluoride, 0.4 M KCl) with 1 ml of 50 nM P element donor
DNA and 4 ml of HGED buffer (25 mM Hepes-KOH, pH 7.6,
20% glycerol, 0.5 mM DTT, 1 mM EDTA, 1 mM phenylmethyl-
sulfonyl fluoride). After incubation on ice for 10 min, the mix-
ture was added to 14 �l of 10 mM Mg(OAc)2 in HGED buffer,
with or without 2 mMGTP, and incubated at 30 °C for the indi-
cated times. The final protein concentration of protein and
DNA in the 20-�l assay was 28.5 and 2.5 nM respectively. These
reaction conditions are similar to those used previously for
donor cleavage and strand transfer in bulk solution reactions
(11, 37). Thus, in the DNA binding reaction the DNA concen-
tration was 2.5 nM, and the protein concentration (as a mono-
mer) was typically �28.5 nM giving a ratio of 11 monomeric
proteins per DNA molecule. In the GTP analog experiments,
GTP�S,GMP-PCP, andGMP-PNPwere used at a final concen-
tration of 2 mM.
Gel Filtration Chromatography—Approximately 3.5 �g of

immunoaffinity-purified transposase protein was resolved on a
Superdex 200 PC3.2/30 column (GE Healthcare) on a SMART
system at 4 °C in HGKED buffer (25mMHepes-KOH, pH 7.6, 1
mM EDTA, 300 mM KCl, 0.5 mM DTT, and 10% glycerol) at a
flow rate of 40 �l/min. 40-�l fractions were collected and
assayed by SDS-PAGE and immunoblotting (10, 37). Standard
proteins used to calibrate the column were bovine serum albu-
min (66 kDa), catalase (232 kDa), and thyroglobulin (669 kDa)
and were run in the same buffer as transposase.
Glycerol Gradient Velocity Sedimentation—Glycerol gradi-

ent centrifugation (38) was carried out in a 4-ml gradient with
an SW60 rotor at 42,000 rpm for 16 h at 4 °C, in an L90M
ultracentrifuge (Beckman). Approximately 3 �g of transposase
was layered on top of a freshly poured gradient in HGEKD
buffer (25 mM Hepes-KOH, pH 7.6, 1 mM EDTA, 300 mM KCl,
0.5mMDTT, and various % glycerol as indicated in Fig. 3, B and
C). 150-�l fractions were collected from the top and assayed for
transposase by SDS-PAGE and immunoblotting (10, 37).
Standard proteins used to calibrate the column were bovine
serum albumin (66 kDa), catalase (232 kDa), and thyroglobulin
(669 kDa) and were run in a parallel gradient in the same buffer
as transposase. For the experiment with GTP or GTP and
strand transfer oligonucleotide (P1/P2–17; 37), 0.5 mM GTP
and 1 mM Mg(OAc)2 were preincubated with �3 �g of trans-
posase at room temperature for 15min in gradient buffer or 0.5
mMGTPand1mMMg(OAc)2 alongwith a 10-foldmolar excess
of P element 3� end strand transfer oligo. Following the prein-
cubation, the samples were loaded on top of 4-ml glycerol gra-
dients and centrifuged as above.

Atomic Force Microscopy Imaging—The samples were
imaged in air with a NanoScope III (Digital Instruments)
atomic forcemicroscope, operating in tappingmode, using tips
from nanosensors (point probes, type NCH-50). The protein
was equilibrated at 25 °C for 10 min in 25 mMHepes-KOH, pH
7.6, 0.04MKCl, 20% glycerol, 1mMEDTA, and 0.5mMDTTand
then deposited onto freshly cleaved mica for 1 min. The sam-
ples were then washed with water for 15 s and then dried with a
gentle stream of nitrogen. All images were collected at scan
rates between 1.54 and 3.05 Hz with scan sizes of 1–3 �m. To
investigate the effect of the water washing on the apparent
transposase volume, thus on its oligomeric state, we tried two
different types of water: (i) Milli-Q water (Millipore) with a pH
of 4.5, and (ii) NanoPure water (Barnstead) with a pH of 6.2. In
more recent experiments, once we realized the wash water pH
was a problem, we used commercial water fromMallinkrodt, at
pH 6.8–7.2. We also tried two different washing times as fol-
lows: 10 s (which we refer to as “quick wash”) and 2min (which
we refer to as “soak wash”). For protein volume comparison
experiments, such as those described in Fig. 4, extra care was
taken to avoid imaging differences because of different AFM
tips or microscope settings. To compare the apparent sizes of
transposase oligomers between gel filtration and glycerol gra-
dient sedimentation fractions, we used the protein peak frac-
tions from both methods and carried out a single end binding
experiment where the protein was incubated with DNA sub-
strate DNA in the absence of GTP for 30 min, and the reaction
mixture then was deposited on mica, processed, and imaged as
indicated above and in Ref. 14.
VolumeMeasurements—Protein volumes were calculated by

treating apparent proteins as solids with elliptical footprints
with major and minor axes equal to protein length and protein
width. The vertical cross-sections for both axes were approxi-
mated as parabolas withmaximumof protein height at the cen-
ter of each axis. Integration of the area of the ellipse along the
height axis gave a volume equal to p/6 � (length � width �
height).

RESULTS

Initial P Element Transposase-DNA Complexes Form at One
Transposon End Prior to Synapsis—The P element transposi-
tion reaction occurs in stages, with initial transposase binding,
synapsis, nonconcerted DNA cleavage, and the target capture
and integration (Fig. 1A). Our previous studies have shown that
P element transposase binding to its internal site-specific rec-
ognition sites on P elementDNA is not affected by the presence
or absence of GTP, but GTP can promote synapsis of P element
ends (14). Therefore, we were interested in determining how
the P element transposase interacted with the P element ter-
mini prior to synaptic complex formation. To investigate the
early protein-DNA complexes that formed from 1 to 30 min,
transposase proteinwas incubatedwith a linearDNAcarrying a
0.6-kb P element flanked by flanking sequences of 300 bp at the
5� end and 600 bp at the 3� end (Fig. 1B, top). Upon brief incu-
bation of the protein and DNA (1–30 min) at a molar ratio of
�11 transposase monomers to each P element DNA, the linear
DNA was bound by transposase at either one end or the other
(Fig. 1B) as evidenced by a protein-DNA complex formed with
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either a short (0.3 kb) or long (0.6 kb) tail. There appeared to be
equal numbers of transposase bound to either the 5� or 3� trans-
poson end, suggesting that the two ends have similar affinities
for the protein, as had been suggested by earlier DNase I foot-
printing assays (15). In the experiments presented here, and
those published previously (14), nonspecific DNA binding is
seen to vary from experiment to experiment. However, in some
cases transposase molecules were observed to be bound to
DNA ends or at random to incorrect sites on the P element-
containing DNA fragment (data not shown and see Ref. 14).
These nonspecific binding events were �10–100-fold less
abundant than site-specific DNA binding and this number is
consistent with previous measurements of site-specific versus
nonspecific DNA binding by the P element transposase made
by DNase I footprinting (15). More importantly, even though

the ratio of transposase monomers
to P element DNA is �11:1, we did
not observe two transposase com-
plexes bound at the two transposon
ends on the same DNAmolecule, in
over 100,000DNAmolecules exam-
ined that had transposase bound.
Even when the transposase concen-
tration was raised another 10-fold,
no increase in either nonspecific
binding or two transposase com-
plexes on a single P element were
observed (data not shown). Given
the low occurrence of two ends
being bound, it seems reasonable to
propose that it is the single end-
bound transposase complexes that
proceed to synapsis. However, it
may be the case that these stable
one-end-bound complexes are sta-
ble, but more loosely bound pro-
tein-DNA complexes are lost dur-
ing the sample preparation for
AFM. It seems to be the case that
once a single end of the transposon
is bound by transposase, the second
end cannot be stably bound by a sec-
ond transposase complex. It may
simply involve differential stability
of protein-DNA interactions, since
footprinting studies showed that the
protein has high nonspecific DNA
(15), yet nonspecificDNAbinding is
not frequently observed in the AFM
assays (see Ref. 14 and this study).
Quantitation of these time course
experiments, in the presence or
absence of GTP, indicated that
DNA binding by the transposase
protein was rapid and, as had been
observed using DNase I footprint-
ing (9, 15), occurred in both the
absence or presence of GTP (Fig.

2A). These experiments show that initial protein-DNA com-
plexes form first on either P element end (Fig. 2A), and that
they form prior to the GTP-dependent synapsis observed pre-
viously (14). These findings rule out the possibility of the trans-
posase recognizing both P element ends and oligomerizing on
the DNA. In fact, measurements indicate that a pre-formed
tetramer binds to one P element end prior to synapsis (see
below).
Time Course of the Formation and Reactivity of Early P Ele-

ment Transposase-DNA Complexes—Our previous studies
indicated that GTP allows the transposase to form synaptic
complexes containing both P element ends at 30 min (14).
However, we had not examined earlier time points. Given the
observed single end binding (see Fig. 1 and Fig. 2A), we there-
fore quantitated formation of both synaptic and singly or dou-

FIGURE 2. Time course of formation of P element transposase protein-DNA complexes during the earliest
stages of the reaction. A, time course of the formation of the linear DNA-protein complexes shown in Fig. 1, in
the presence or absence of GTP. The percentages were calculated from the ratios between linear DNA mole-
cules bound by transposase protein to one end of the P element, and the total number of DNA molecules. After
different incubation times, 1, 5, 20, or 30 min, 20 ml of the reaction was deposited on mica, rinsed with water,
and imaged by AFM. These experiments were performed in the presence (left bars) or absence (right bars) of 2
mM GTP as described (14) (see “Experimental Procedures”). All single site binding events are graphed as a
proportion of the total DNAs observed. B, time course of the formation of pre-cleavage (top panel) and post-
cleavage (bottom three panels) synaptic complexes formed in the presence (�GTP; center panels) or absence
(�GTP; right panels) of 2 mM GTP during the first 30 min of the reaction. The error bars represent variation
between at least three independent experiments.
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bly cleaved donorDNAcomplexes during this early time course
in the absence or presence of GTP (Fig. 2B). In the absence of
GTP, very little synapsis was observed over the same period
(Fig. 2B, top panel, �GTP), yet many molecules have trans-
posase bound to one end (see Fig. 2A). We observed GTP-de-
pendent, synaptic complex formation over the 1–30-min time
course (Fig. 2B, top panel,�GTP). The presence of catalytically
active complexes was also measured over this same early time
course. In this assay, donor DNA cleavage was evident by singly
tailed molecules or doubly cleaved circular excised transposon
DNA fragments (Fig. 2B, left panel) (14). During this short time
course, only a small fraction of the DNA went on to become
cleaved at the P element termini (Fig. 2B, middle and bottom
panels, �GTP). In the absence of GTP, no cleavage products
were observed (Fig. 2B,middle and bottompanels,�GTP). This
was expected because GTP-dependent synapsis is required
prior to donor DNA cleavage (14). However, these experiments
show that although transposase-dependent synapsis occurs
rapidly in the presence of GTP over the 1–30-min time course,
a very small fraction of the synaptic complexes undergoes DNA

cleavage, suggesting that possibly a
conformational change or other
type of remodeling of the synaptic
complex, perhaps positioning of the
active sites over the appropriate
positions on the P element ends,
may need to occur prior to catalytic
activation of the transposase-DNA
synaptic complex.
Purified Native Transposase Exists

as a Tetramer and Is the Form
That Interacts Initially with One
P Element End—One universal
observation about the transposase/
integrase superfamily of polynucle-
otidyltransferases is that they in-
variably act as oligomeric enzymes,
with at least two active sites, one
positioned at each transposon end
(1, 12). Because of the unusual
nature of the P element cleavage
site, a staggered break with a 17-nu-
cleotide single strand extension
(11), it was of interest to determine
the oligomeric state of the trans-
posase protein in the absence of
DNA and when it initially interacts
with one P element terminus.
Therefore, we performed gel filtra-
tion chromatography on a Superdex
200 column in 300 mM NaCl to
determine the native molecular
weight of the protein, monitoring
the column fractions by immuno-
blotting (Fig. 3A). The peak of the
transposase protein in fractions
12–16 appears to be consistent with
a tetramer of �360 kDa (four

87-kDa monomer subunits). The protein also appears to inter-
act nonspecifically with the resin, because there is a weak pro-
tein signal across the column profile. Velocity sedimentation in
15–30% glycerol gradients was also used to ascertain the native
size of the transposase protein oligomer. In this experiment, the
protein sediments with an apparent molecular mass of �150–
200 kDa (Fig. 3B). However, this mass is not consistent with
either the gel filtration (see above) or the volumemeasurements
by AFM (see below and Fig. 4). Other oligomeric protein com-
plexes, such as Drosophila origin recognition complex, behave
anomalously in velocity sedimentation gradients because of
aberrant hydrodynamic properties (38). Nonetheless, both the
gel filtration and gradient peak fractions are active for donor
DNA cleavage using an LM-PCR-based assay (data not shown;
see Ref. 14). More importantly, we also directly examined both
the gel filtration and gradient peak fractions to visualize DNA
binding and to take volumemeasurements. These direct meas-
urements of the size-fractionated transposase showed that the
protein in both the gel filtration and glycerol gradient fractions
was the same size and that it was a tetramer when prepared for

FIGURE 3. Biochemical fractionation of P element transposase by gel filtration chromatography and
glycerol gradient velocity sedimentation. A, P element transposase chromatographs as a tetramer in a gel
filtration experiment. About 3.5 mg of transposase was loaded onto the Superdex 200 column in 300 mM KCl
buffer (see “Experimental Procedures”). Column fractions were monitored for the presence of transposase by
SDS-PAGE followed by immunoblotting. Standard proteins used to calibrate the column were bovine serum
albumin (66 kDa), catalase (232 kDa), and thyroglobulin (669 kDa), and their elution positions are indicated by
arrows. Fraction (Fract.) numbers are indicated above the figure. Although the transposase protein seemed to
be spreading across the column profile, perhaps because of interaction between the protein and the column
matrix, the peak elution position (fractions 12–16) corresponded to an apparent molecular mass of �350 kDa.
B, P element transposase showed a single peak from glycerol gradient velocity sedimentation corresponding
to an apparent molecular mass of �170 kDa in several repetitions. Standard proteins (bovine serum albumin
(66 kDa), alcohol dehydrogenase (159 kDa), catalase (232 kDa), and thyroglobulin (669 kDa)) were centrifuged
in a parallel gradient. C, apparent size of P transposase determined by velocity sedimentation is not altered in
the absence of GTP (top panel), in the presence of GTP (middle panel), or in the presence of GTP and an excess
of a pre-cleaved strand transfer oligonucleotide (bottom panel). The centrifugation was performed the same as
in B. Fractions were taken and assayed by SDS-PAGE and immunoblotting. The locations and sizes of the
standard proteins are marked below the bottom panel.
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AFMat pH 7 (see below and Fig. 4B). Additionally, the behavior
of the protein in the gradients was not altered in the presence or
absence of GTP or by a duplex oligonucleotide that corre-
sponds to a pre-cleaved P element end that can be bound to the
protein and is used as a substrate for strand transfer (37) (Fig.

3C). Taken together these data are consistent with the active
form of the P element transposase being a tetramer and the
oligomer being pre-formed in the absence of P element DNA.
As an independent means to determine the mass and oligo-

meric state of the transposase, we turned to AFM. AFM can be
used to determine the volume of a protein, which by compari-
son to the volumes of a set of standard proteins can be used to
determine the molecular weight of the protein. These sizes
were determined bymeasuring the volumes of a set of standard
proteins (bovine serum albumin, alcohol dehydrogenase, E. coli
RNA polymerase, and thyroglobulin), plotting a standard curve
and determining the relative molecular weight of the P element
transposase sizes from the measured volumes (Fig. 4A). This
type of molecular weight determination has previously been
done for the DNA enhancer-binding protein NtrC and for
other proteins (31, 39). Transposase protein, in the absence of
DNA, was spotted on mica, rinsed with water, and imaged by
AFM. The volumes of the protein species were determined and
plotted as a function of numbers in the population (supplemen-
tal Fig. 1A). Three prevalent volume distributions were
observed, consistent withmonomer, dimer, and tetramer sizes,
with dimeric and monomeric sizes predominating. However,
we subsequently found out that low pH water washes of the
mica grid prior to AFM imaging caused dissociation of the pre-
dominantly tetrameric protein into dimers and monomers
(supplemental Fig. 2, A and B). This effect of low pH on the
oligomeric state of transposase could also be seen with trans-
posase-DNA complexes (supplemental Fig. 1B). However, and
most importantly, when neutral pH (�7) wash water was used
to image single end protein DNA complexes formed on P ele-
ment DNA in the absence of GTP, either from the gel filtration
column or glycerol gradient fractions, the predominant form of
the protein bound to DNA was a tetramer (Fig. 4B), consistent
with the observations of the protein in the absence ofDNA (Fig.
4A and supplemental Fig. 1A and Fig. 2B) and the chromato-
graphic behavior by gel filtration (Fig. 3A). Because in the pres-
ence of low pH water more monomers and dimers were
observed comparedwith samples preparedwith pH 7water, we
conclude that dissociation of tetrameric transposase complexes
can occur during sample preparation with low pHwater. These
observations clearly show that sample preparation, and more
specifically the pH of the water wash prior to imaging, could
influence the level of the transposase oligomers but that the
protein species that is active for transposition is a tetramer. In
fact, LM-PCR assays for donor DNA cleavage (14), using both
the peak gel filtration and glycerol gradient fractions that were
imaged by AFM, indicate that these fractions, although dilute,
exhibit donor DNA cleavage activity. Effects of pH of the water
used in AFM sample preparation have been noted by others
(40). A tetramer is formed even in the absence of P element
DNA. Given the presence in the primary transposase amino
acid sequence of a leucine zipper and a second protein interac-
tion region (41, 42), as well as the staggered nature of the P
element cleavage sites (11), it seems reasonable that the P ele-
ment transposase might be active as a tetramer. Our results
with the AFM volume measurements of the gel filtration and
glycerol gradient fractions are indicative of higher order oli-
gomerization of the transposase, in the absence of DNA, to a
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states of transposase; the yellow triangles represent the volumes experimen-
tally measured. The molecular masses corresponding to the measured vol-
umes are as follows: 87 kDa (monomer), 174 kDa (dimer), and 348 kDa (tet-
ramer). Samples of P element transposase were deposited on freshly cleaved
mica for 1 min, rinsed with water, and imaged by AFM. The volume measure-
ments were carried out according to the protocol developed by V. Holmes
(56). B, peak protein fractions from both the gel filtration chromatography
and glycerol gradient velocity sedimentation experiments showed predom-
inantly tetramers by AFM. Under our experimental conditions (a 30-min pre-
incubation of the protein fraction with P element DNA in the absence of GTP),
we observed the majority of the transposase protein binding to a single P
element DNA end without synapsis. Protein size (volume) was measured as
described under “Experimental Procedures.” The bar graphs show that com-
parable multimeric states are observed in both fractions, with the majority of
oligomers as the tetrameric form both the gel filtration and glycerol gradient
methods of the protein size estimation.

DNA Binding by P Element Transposase

SEPTEMBER 28, 2007 • VOLUME 282 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 29007



pre-formed tetramer and that the tetrameric form iswhat binds
initially to one of the two P element ends prior to synapsis.
Correct Synapsis of Full-length 2.9-kb P Elements—Our pre-

vious studies by AFM of P element transposase used small, but
mobile, internally deleted P elements (14) (see Fig. 1, above).
We therefore wanted to see if we could visualize the synapsis of
full-length 2.9-kb P elements, and at the same time, if we could
visualize smaller looped DNA molecules that might represent
molecules in the process of “sliding,” a possible mechanism by
which DNA-binding proteins find binding sites on DNA (43,
44). This mode of DNA site recognition contrasts to interseg-
mental transfer in which repeated collisions between proteins
bound at one site and other parts of the DNA allow a bound
protein to locate a second binding site (43, 44). Therefore, a
3.4-kb DNA was amplified carrying a full-length 2.9-kb P ele-
ment along with 0.2- and 0.3-kb flanking DNA “tails” (200–

2900-300), and this DNA molecule
was used to form synaptic com-
plexes with P element transposase.
Although these images aremore dif-
ficult to analyze because of the
“crossing” of the long internal por-
tion of the P element DNA, we did
observe normal synaptic complexes
with the appropriate tail length and
the correctly sized P element seg-
ment (Fig. 5A). However, quantita-
tion of these synaptic complexes at
30 min showed only 1.3% correctly
synpased molecules (Fig. 5B), in
contrast to 16.7% for the 0.6-kb P
element (300–600-600) (see Fig.
2B, above). Additionally for this
long DNA, although essentially no
incorrectly sized loops (i.e. one site
bound with an incorrect loop size)
were observed, initial time points
indicated nonspecific complexes
(loops with neither tail of the cor-
rect length) were formed (4.47%),
which dissociated over time (0.42%)
(Fig. 5B). Because in these com-
plexes there is no tail length of the
correct size for engagement at one
of the two P element ends, we
believe these represent nonspecific
protein binding, which has also
been observed for this protein in
DNase I footprinting assays (15).
This type of incorrect complex was
not observed (�0.01%) for the small
0.6-kb P element (data not shown).
Thus, even with full-length P ele-
ments we can observe correctly syn-
apsed molecules but at a lower fre-
quency than was observed with a
smaller 0.6-kb P element. Taken
together, these data indicate that

with both small and full-length P elements correctly synapsed
molecules could be observed, and essentially no incorrectly
sized loops with one P element end bound (�0.01%) were
observed. For the longer P element, transposase complexes
bound nonspecifically to DNA, but these complexes were not
engaged at either P element end. These protein-DNA com-
plexes were observed at early times but were lost with time,
suggesting that incorrectly synapsed looped molecules are not
stable and that these unstable, incorrect loops formmore often
on longer P element DNA segments, perhaps because of a
higher local concentration of nonspecific DNA-binding sites
for transposase (15).
NonhydrolyzableGTPAnalogs SupportNormal Synapsis and

DonorDNACleavage—Our initial characterization of the P ele-
ment transposition in vitro showed that both GTP and nonhy-
drolyzable GTP analogs supported both catalytic steps of P ele-

FIGURE 5. Formation of full-length P element synaptic complexes. A, 2.9-kb full-length P element sequence
flanked by 200- and 300-bp DNA tails (200 –2900-300) was incubated with transposase for 30 min at room
temperature and then imaged by AFM. Synaptic complexes of full-length P element were observed although
at much lower frequency than when a smaller 629-bp P element was used (300 – 600-600) (14). See Fig. 2B and
Fig. 3B. The two tails of the synaptic complexes are indicated by white arrows. B, single-site binding (i.e. one site
at one P element end bound with an incorrect loop size), nonspecifically bound synapsed or looped complexes
(i.e. transposase not bound at either P element end), and correctly synapsed molecules for the full-length
2.9-kb P element DNA quantitated as a percentage of the total DNAs observed at 30-min and 6-h incubation
times.
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ment transposition, donor DNA cleavage, and strand transfer
(9). Thus, it was of interest to test the ability of these analogs to
support synapsis and donor cleavage. By quantitating the total
fraction of synpased and singly/doubly cleaved P element DNA
molecules, it was evident that all three nonhydrolyzable GTP
analogs tested, GTP�S, GMP-PCP, and GMP-PNP, can sup-
port both synapsis and donorDNAcleavage at levels equivalent
to that observed with regular GTP (Fig. 6A). The fact that little
activity was observed without added GTP, as noted previously,
argues that all three analogs actually bind to the transposase
protein to activate it for synapsis and donor DNA cleavage.
Additionally, we quantitatively compared each class of synaptic
complex formedwith eitherGTP orGMP-PCP (Fig. 6B). In this
case, the levels of uncleaved (full-length, two tails), singly
cleaved (single tail), or doubly cleaved (no tail ring) were simi-
lar, again indicating that the GTP analog can full substitute for
GTP in the assembly and donor DNA cleavage stages of the
reaction. Thus, as observed previously in bulk biochemical
assays, these AFM studies show GTP binding, but not hydroly-
sis, is required for P element transposase activity and that these
nonhydrolyzable analogs support the conformational effects on
the transposase protein that GTP normally provides to cause
synapsis of the P element ends, ultimately resulting in the cat-

alytic activation of the protein once assembled on P element
DNA.

DISCUSSION

The results presented here show that the initial protein-DNA
complexes formed between P element transposase and the
transposon ends occur by interaction of a pre-formed tetramer
with either one of the two termini. Many DNA-binding pro-
teins that act on two sites on DNA are composed of multiple
subunits. These proteins often can come either preassembled as
oligomers, assemble on the DNA, or assemble on protein (43,
44). In the case of P elements, it appears that the initial contact
of the protein with one end of the transposon DNA occurs via
interactions of one site-specific DNA binding domain within
the tetramer with one high affinity transposase-binding site
located internally near the transposon terminus (15, 42). It is
this pre-assembled oligomer that then synapses the P element
ends, presumably by a second site-specific protein-DNA inter-
action at the opposite transposon end that carries a trans-
posase-binding site (15, 42). Because of the unusual nature of
the P element DNA cleavage, leaving a staggered double strand
break, with a 17-nucleotide 3� extension (11), it would seem to
make sense that two catalytic domains would be required to
cleave each transposon end, so that a tetramer would donate
two subunits to each terminal donor DNA cleavage. Addition-
ally, at high protein concentrations the truncated KP repressor
protein, which carried the N-terminal THAP DNA binding
domain, can also bind to the sub-terminal 11-bp inverted
repeats (42). However, in footprinting assays with single
transposon ends, the full-length transposase protein does
not appear to stably interact with these internal repeats (15).
Nonetheless, it seems possible that two DNA binding
domains in the tetrameric transposase synaptic complex
might interact with two DNA-binding sites at each transpo-
son end to stabilize the complex.
In other transposon systems, different strategies are used to

assemble synaptic complexes (12, 18, 45, 46). In the case of Tn5
and Tn10, a dimeric complex is active at the transposon ends
(27–30), yet the state of the protein in solution and whether
monomers bind each transposon end with subsequent synapsis
or whether dimers bind to one end first is not known (29, 47). In
the case of bacteriophageMu,whereas each transposon end has
three binding sites for the monomeric transposase, binding of
monomeric subunits to these sites results in the DNA-induced
assembly of an active and stable tetramer, in which two catalyt-
ically active subunits perform DNA cleavage and joining in
trans (17, 19, 45, 48–51). It has been shown recently that the
eukaryoticHermes transposase exists in solution and in crystals
as a hexamer (16). Another eukaryotic transposase, MosI,
seems to function as a dimer or tetramer (22–25), whereas a
related mariner transposase, Himar 1, functions as a tetramer
(26). Unlike the case of bacteriophageMu, where a monomeric
protein undergoes DNA-induced tetramer formation (18, 19,
49), we have no evidence for oligomerization of the P element
transposase protein on P element DNA, because we consis-
tently see what appears to be a tetramer on one of the P element
ends prior to synapsis and in fact can visualize tetramers of P
element transposase in the absence of DNA. Although the stoi-

FIGURE 6. Nonhydrolyzable GTP analogs support normal levels of trans-
posase-mediated P element synapsis and excision activity. A, effect of 2
mM nonhydrolyzable GTP analogs GMP-PCP, GMP-PNP, and GTP�S on synap-
tic complex formation, and excision activity was tested in a standard assay
and examined by AFM. In the graphs, the total synaptic complexes
(uncleaved, singly cleaved, and doubly cleaved) that were generated during a
1-h incubation in the presence or absence of 2 mM GTP or GTP analogs are
shown. B, comparison between the percentages of pre- and post-cleavage
synaptic complexes corresponding to full-length uncleaved (two tails), singly
cleaved (single tail) or doubly cleaved (no tail (ring)) formed during a over-
night incubation in the presence of 2 mM GTP or 2 mM GMP-PNP.
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chiometry of the V(D)J recombinase RAG1-RAG2 in the syn-
aptic complex is not clear (for a review see Ref. 52), it is clear, as
we have observed here with P element transposase, that in vitro
with short oligonucleotide substrate DNAs the RAG1/RAG2
oligomer binds first to one recombination signal sequence and
then assembles a paired synaptic complex, with the second
recombination signal sequence joining as naked DNA (21, 52).
Previous studies have noted similarities between V(D)J recom-
bination and P element transposition, notably the natural pair-
ing of two signal/transposon ends with different spacer lengths
(6, 11). Thus, our studies shed light on themechanism of how P
element DNA is recognized by and assembles with the trans-
posase protein and also highlight the fact that a number of dis-
tinct strategies are used in different transposition systems to
assemble catalytically active protein-DNA complexes.
Studies of a truncated, naturally occurring repressor form of

the P element transposase, termed the KP protein, carries the
N-terminal site-specific DNA binding domain and can inhibit
transposase activity in vitro by binding to the transposase-bind-
ing sites (41, 42). The KP protein also contains two distinct
protein-protein interaction domains, a leucine zipper, and a
second unclassified dimerizationmotif. Chemical cross-linking
experiments showed that the KP protein dimerized in solution
through these motifs (41, 42). The KP protein lacks both the
GTP binding and catalytic domains found in the full-length
transposase (6). Hence, our observation that the full-length
transposase can exist as a tetramer suggests that perhaps the
GTPbinding or catalytic domainsmightmediate a higher order
oligomerization. It is known that nucleotide binding domains,
such as those found in the AAA� superfamily of ATP-binding/
hydrolyzing proteins, can form higher order oligomers (53, 54).
Thus, although the N-terminal region of the transposase could
mediate protein dimerization, it seems likely that the central
and C-terminal regions of the protein could promote higher
order oligomerization.
The formation of this initial P element transposase protein-

DNA complex that we have observed occurs independently of
the GTP cofactor, yet our previous studies showed that GTP
promotes synapsis of the P element ends (14). The data pre-
sented here indicate that a pre-formed tetramer, in the absence
of GTP, binds to one P element end but does not allow synaptic
complex formation. These observations suggest that GTP may
function to orient a second DNA binding domain within the
transposase oligomer to allow synapsis to occur via the binding
of one of the other three available DNA binding domains in the
tetramer to the high affinity transposase-binding site on the
opposite P element end (6, 15). Althoughwedo observe correct,
but relatively inefficient, synapsis of the two P element ends in a
full-length 2.9-kb P element, we also observe incorrectly looped
molecules of smaller sizes. These are only observed with the
full-length 2.9-kb but not the 0.6-kb P element. Such smaller
loops might support the idea of sliding or “tracking” of the pro-
tein along DNA to find its second binding site on the P element
ends. However, these incorrectly looped molecules decay with
time and do not give rise to a concomitant increase in correctly
synapsed full-length 2.9-kb P elements, suggesting that they are
not stable intermediates on the pathway to correctly synapsed
molecules. Tracking is the normal mode of finding second sites

performed by “motor proteins,” often accompanied by hydrol-
ysis of nucleoside triphosphates, as occurs with the type I
restriction endonucleases (43, 44).Wehave no evidence for this
type of mechanism, and moreover, we have shown here that
synapsis of the P element ends occurs normally with nonhydro-
lyzable GTP analogs (see above and Ref. 9). By contrast, “loop-
ing” or “intersegmental transfer” is the mechanism used by
FokI, a type IIS restriction enzyme, whose activity for double
strand cleavage by a dimeric complex at one recognition site is
stimulated by the presence of a second recognition site else-
where on the same DNA molecule (43, 44, 55). The data pre-
sented here are consistent with a mechanism involving inter-
segmental transfer, at least with smaller P elements, and this
search mechanism is less efficient on longer P element DNAs
because of a higher effective concentration of nonspecific bind-
ing sites between the two P element ends. These observations
are consistent with and provide an explanation for why longer
recombinant P elements transpose less efficiently in vivo (6, 7).

Our data indicate that, prior to synapsis of the P element
ends, the transposase tetramer binds to one transposon end.
In the presence of GTP in vitro, the two P element ends
undergo synapsis (14). P elements are known to undergo
some unusual and unexplained rearrangements in vivo (33–
35). In particular, when the termini from two different P
elements located on different DNA molecules, either sister
chromatids or homologs, undergo synapsis, cleavage, and
transposition, a process termed hybrid end-insertion (33)
occurs that results in both chromosomal deletions and
duplications (34). These ectopic P element rearrangements
could be explained by synapsis of two P element ends from
different DNA molecules (35). The observations reported
here that one P element end binds transposase tetramers
initially, prior to synapsis, may explain the molecular basis
for hybrid end-insertion. Again, unlike bacteriophage Mu, P
element transposase arrives at the P element ends as a pre-
formed tetramer prior to synapsis. The ability of the trans-
posase, bound to one P element end, to synapse with a sec-
ond P element end on a nearby sister chromatid or homolog
and then undergo normal transposition would explain the
underlying basis for these abnormal chromosomal rear-
rangements. Although all transposase proteins need to bring
distant transposon ends together and generally are not active
until synapsis occurs, it appears that there are different ways
by which different transposase proteins initially interact
with the transposon DNA and assemble to generate a synap-
tic complex prior to DNA cleavage and joining. It is also
more generally interesting to note that both differential sta-
bility and conformational changes of these protein-DNA
assemblies are known to modulate the activities and out-
comes of these DNA recombination reactions by these coor-
dinated molecular machines (1, 12, 19, 49).
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