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ABSTRACT

The Tn70 transpososome is a DNA processing
machine in which two transposon ends, a trans-
posase dimer and the host protein integration host
factor (IHF), are united in an asymmetrical complex.
The transitions that occur during one transposition
cycle are not limited to chemical cleavage events at
the transposon ends, but also involve a reorganiza-
tion of the protein and DNA components. Here, we
demonstrate multiple pathways for Tnh 170 transposi-
tion. We show that one series of events is favored
over all others and involves cyclic changes in the
affinity of IHF for its binding site. During transpo-
sosome assembly, IHF is bound with high affinity.
However, the affinity for IHF drops dramatically
after cleavage of the first transposon end, leading
to IHF ejection and unfolding of the complex. The ejec-
tion of IHF promotes cleavage of the second end,
which is followed by restoration of the high affinity
state which in turn regulates target interactions.

INTRODUCTION

Transposons have been found in all organisms examined with
notable exceptions, such as specialized intracellular parasites
with highly degenerate genomes (1). They are important
agents in the spread of antibiotic resistance and the mobiliza-
tion of pathogenicity islands in bacteria (2—4). Prokaryotic and
eukaryotic transposons can also be regarded as ‘natural
genomic engineers’ as they are the single most important
source of genomic rearrangements, such as deletions, inver-
sions, duplications and translocations (5). In free living bac-
teria, transposons usually represent ~1% of the genome, but
may be far more numerous in pathogenic species (2—4,6). In
eukaryotes, DNA transposons are far more numerous and
retro-elements frequently represent up to 50% of the genome
(7-9). During the course of evolution, transposons have

diversified to provide functions, such as HIV integrase (10),
centromere binding protein (11), insect telomerase (12) and
the V(D)J recombination machinery responsible for generat-
ing immunoglobulin diversity (13,14).

DNA transactions generally take place within higher-order
nucleoprotein complexes in which the components are
engaged in a wide range of different interactions (15-17).
In addition to specific enzymes, these complexes frequently
contain protein cofactors that function as architectural cata-
lysts. Examples of this type include the ubiquitous integration
host factor (IHF) protein in bacteria and the HMG box proteins
in eukaryotes (16—19). The large number of interactions within
these complexes is thought to provide a number of functions,
such as regulating the start of the reaction, providing specifi-
city, imposing directionality and delivering the activation
energy for intermediate steps.

Recently, there has been significant progress in under-
standing the structure and composition of the higher-order
complexes involved in DNA replication, recombination and
repair (20-23). In eukaryotes, it is not uncommon for such
complexes to contain 5 or 10 different protein components.
Determination of the inventory of protein components and
their pairwise interactions has provided great insight into
the structure and function of such complexes. Elegant models
have also been developed to illustrate the dynamics of the
complexes as components enter or exit the reaction at different
stages. However, very little may be known about the precise
function or molecular mechanism of the various components,
or the conformational changes that may take place at different
stages of the reaction. Fortunately, several unique character-
istics of the Tn/0 transposition system have allowed us to
address the nature and function of conformational changes
at different stages of the reaction using traditional molecular
biological techniques (24-27). Key to this progress has been
the insight provided by the crystal structure of the related TnS
transpososome (28).

Tn!0 is a non-replicative composite transposon in which the
flanking IS/0 elements cooperate to mobilize the intervening
genes encoding tetracycline resistance [reviewed in (29)]. The
flanking IS70 elements are present in opposite orientations.
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This means that the terminal inverted repeats at either end
of IS70, which are the recognition sites for transposase, can
therefore be defined as ‘inside’ or ‘outside’ with respect to
their position in Tn/0. The major difference between the two
types of ends is the presence of a strong binding site for the
host protein IHF adjacent to the inverted repeat at the outside
end. This means that IS/0 transposition involves synapsis
of an inside and an outside end, while Tn/0 transposition
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Tnl/0 transposition has been reconstituted in vitro using
purified transposase and transposon ends encoded on short
linear fragments of DNA (30,31). The synapsis of the trans-
poson ends by transposase into a paired end complex (PEC)
requires binding of the host protein IHF to the specific binding
site next to the inverted repeat at the outside end of the element
(Figure 1A). The 180° bend in the DNA imposed by IHF
provides a set of ‘subterminal’ transposase contacts, located

involves the synapsis of two identical outside ends. distal to the IHF binding site. The terminal and subterminal

A ' ffbPEC sbeEC' tPEC
Heparin or Heparin or
IHF T'ase @ Competitor Competitor
NG — DNA DNA + Me*+
é é IHF IHF
o P o B |
IHF site in equilibrium === X i v — X v — V|V
Effect on reaction ---=-----=====---- None ---------- Required
B %
3
tPEC SEB 4 DEB &
Mg*+ Target Plasmid
L —» L» —
Cleavage Cleavage Insertion  Deproteinate
(SDS)
N\
* *
C

Rotate 90°
Iy —_—

Y

Figure 1. Assembly of the Tn/0 transpososome and the chemical steps of the reaction. (A) Assembly and unfolding of the synaptic complex. Synapsis of two IHF-
bound transposon arms by transposase produces an ffbPEC. Treatment with competitor DNA or heparin strips IHF from the [3 side of the complex to produce sfbPEC.
IHF remains bound to the o side of the complex, presumably due to the subterminal transposase contacts with the transposon end. Divalent metal ion unlocks the IHF
binding site on the o side of the complex. Dissociation of IHF produces the tPEC. Hatched oval, IHF; open ovals, transposase; and arrowhead, transposon end. In the
tPEC, unoccupied IHF binding sites are indicated by a kink in the transposon end. (B) The chemical steps of the transposition reaction are illustrated using the tPEC as
the starting point. In the presence of Mg*™, the flanking DNA is cleaved to produce a SEB, followed by a DEB. Non-covalent interactions with a target site are
followed by the strand transfer step that produces an insertion product. Asterisk, location of the >*P-label on the transposon end; other elements are as described in (A).
(C) The Tn/0 transpososome was modeled by superimposing the DNA from the IHF co-crystal structure onto the structure of the Tn5 transpososome (28,32,44.,45).
Superimposition of the IHF-folded DNA was achieved by minimizing the RMS difference in the position of the equivalent atoms in the TnS DNA. One transposon
end, IHF and flanking DNA have been omitted for clarity. A section of B DNA (gold) has been docked in the target binding groove to illustrate its spatial relationship
to the IHF-folded transposon arm. Regions of transposase and IHF mediated hydroxyl radical protection are shown in red and green, respectively. Every tenth
nucleotide on the transferred strand is shown in white. The transposon end is seen embedded in the turquoise monomer of transposase. The subterminal transposase
contacts are located on the top of the structure illustrated on the left.
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transposase contacts, therefore, define a loop that constrains
the behavior of the bound IHF (see below).

During Tn/0 transposition, synapsis of two identical IHF-
folded transposon arms produces a fully folded bottom PEC
(ffbPEC). However, the IHF-folded transposon arms behave
differently and this defines the o and the 3 sides of the com-
plex (25) (Figure 1A). In the absence of the divalent metal ion
cofactor, competitor DNA or heparin treatment strips IHF
from the B side of the complex to produce the semi-folded
bottom PEC (sfbPEC). On the o side of the complex, IHF
remains locked in position until released by the addition of
divalent metal ion. Since IHF freely associates and dissociates
from DNA in the presence or absence of metal ion, locking of
the oo IHF binding site is probably mediated by the subterminal
transposase contacts. In Figure 1A, this is illustrated by the
slightly asymmetric position of the transposase dimer that
provides contacts with the o transposon arm. Complete dis-
sociation of IHF produces the top-PEC (tPEC), so called
because the extended structure of the unfolded transposon
arms causes reduced mobility in the electrophoretic mobility
shift assay (EMSA).

In Tn/0 transposition, Ca™ can serve as a non-catalytic
analog of the physiological cofactor Mg*™". The tPEC species
can, therefore, be prepared artificially by treating the bPEC
with Ca™ to unlock the o transposon arm and using compe-
titor DNA or heparin to strip IHF from the complex (Figure 1A
and B). Addition of Mg"" initiates the reaction producing a
single end break (SEB), followed by a double end break (DEB)
complex. If a closed circular plasmid is provided as a target
site, insertion of the transposon ends on opposite strands of the
DNA produces a linear insertion product.

The protein—-DNA contacts of several intermediates in the
Tnl/0 transposition reaction were previously determined by
hydroxyl radical footprinting (32). To display the protection
pattern, a molecular model of IHF-folded arm of Tn/0 was
developed by combining the structure of the related TnS trans-
posase dimer with that of the IHF co-crystal (Figure 1C). The
contacts in the model fit well with the hydroxyl radical protec-
tion pattern and together with several other lines of evidence
support the model as an accurate representation of the general
shape of the Tn/0 transpososome (25-27,32). The molecular
model also illustrates the spatial relationship between the
terminal and subterminal transposase contacts that define the
IHF-loop. This highlights a fascinating structural congruence
between the role of IHF in Tn/0 excision and phage A recomb-
ination. In phage A, IHF provides an identical DNA-loop
spanned by a single subunit of the integrase protein. In
both systems, the site at which recombination is initiated is
exactly 30 bases 3’ to the IHF consensus sequence. Since
Tnl0 and phage A are unrelated systems, this suggests that
the involvement of IHF may impose powerful structural and
functional constraints on recombination reactions in general.
Indeed, there are further conceptual similarities between
the THF-dependent conformational changes in phage A and
Tnl0 (26,33,34).

Tnl0 transposition in vitro depends on the presence of nega-
tive supercoiling in the DNA. As alluded to above, this
requirement is relieved by the presence of IHF and the specific
IHF binding site in the outside end of the transposon. Indeed,
IHF also functions as a ‘supercoiling relief factor’ in trans-
position of phage Mu during the lytic cycle of infection (35).

From the molecular model in Figure 1C, it is easy to visualize
why assembly of the Tn/0 transpososome would require a con-
tribution from the energy of IHF binding to bend the DNA and
establish the subterminal contacts. However, in addition to its
role during transpososome assembly, IHF dissociation is spe-
cifically required during two or more steps later in the reaction.
The first reason for this is purely structural and is again clearly
illustrated by the molecular model in Figure 1C: IHF disso-
ciation is required to unfold the transposon arm that would
otherwise block access to the target binding groove and inhibit
subsequent target interactions (24,32,36).

The second reason why IHF dissociation from the complex
is important is because it promotes conformational changes
required during the cleavage steps of the reaction. Cleavage at
each transposon end is achieved in three steps: nicking of the
transposon end to generate a 3’-OH is followed by a nucleo-
philic attack on the opposite strand to generate a DNA hairpin,
followed by resolution of the hairpin intermediate (37). After
unfolding of the o transposon arm as IHF dissociates, two
adjacent nucleotides on the transposon end become hypersens-
itive to hydroxyl radicals (26). Although the precise signi-
ficance of this is unknown, it almost certainly reflects a
conformational change in preparation for the first chemical
step of the reaction, a nick located between the two hyper-
sensitive nucleotides. Further evidence that unfolding of the
IHF-loop promotes conformational changes is provided by the
point mutations RA182 and RA184, which both have altered
unfolding properties and block the formation of the hairpin
intermediate (27). However, the most direct evidence is that
truncation of the o transposon arm, to deprive the complex of
the most distal set of subterminal contacts, blocks hairpin
resolution and stalls the reaction at the SEB stage (26).

In this work, we have extended our investigation of the role
of the IHF-loop in driving the cleavage steps of the reaction
and controlling the selection of target sites. We find that the
SEB stage of the reaction is most favorable for unfolding of
the IHF-loop. This is because the affinity of the IHF binding
site appears to change at different intermediate stages of the
reaction. The affinity is high during the initial PEC-assembly
phase, followed by a drastic reduction during the SEB stage
of the reaction. After completion of cleavage, the change is
reversed and the DEB intermediate attains a very high affinity
for IHF. If IHF is reacquired at this stage of the reaction,
the IHF-loop is essentially resistant to unfolding and inhibits
target interactions. This provides an additional level of regu-
lation that probably serves to couple the rate of transposition to
the physiology of the host cell.

MATERIALS AND METHODS

Materials were generally of the best quality available.
Chemicals were from Sigma or VWR. Restriction enzymes
and the exo™ Klenow fragment of DNA polymerase used for
2p_labeling were from New England Biolabs. The
32p_radiolabeled nucleotides used for end filling of restriction
fragments were from Amersham Biosciences.

DNA, proteins and assembly of complexes

Transposase and IHF were expressed and purified as descri-
bed previously (30,38). The expression plasmids were as



follows: wild-type transposase was from pRC60, which con-
tains the transposase gene on an Ndel-BamHI fragment cloned
into pET11a; IHF was expressed from pRC188, which is ident-
ical to pPR204 obtained from Phoebe Rice. This plasmid
contains the IHF operon cloned downstream of the bacterio-
phage T7 promoter in pET27b (Novagen). Details of the plas-
mids and restriction digests used to generate the transposon
end DNA fragments are given in the respective Figure legends.
With the exception of the even-end, all of the linear transposon
ends had the natural sequence of the outside end of IS/0. The
even-end was created by replacing the DNA between bp +19
and +47 of the natural outside end with a tandem repeats of the
bases 5-CTGA (32). This was used as an analog of the
inside end of IS/0 for the reasons given in the text. Following
restriction enzyme digestion as indicated in the respective
Figure legends, the DNA was labeled by end filling using a
single 32P-labeled deoxynucloetide and the exo™ Klenow frag-
ment of DNA polymerase. The transposon end DNA fragment
was then purified by electrophoresis in TAE-buffered 5%
polyacrylamide gels and recovered by the crush and soak
method as described previously (31,39).

Transposase—-DNA complexes were assembled and visual-
ized using the EMSA described previously (31,32). The stand-
ard reaction was 20 pl and contained 50 fmol of radioactively
labeled transposon end, 20 fmol transposase and 300 fmol
IHF. When mixed complexes were assembled, 50 fmol of
the labeled transposon end was mixed with 200 fmol of
the unlabeled end. In experiments with mixed complexes,
IHF was the standard 300 fmol, but transposase was increased
to 100 fmol. The reactions were assembled at room temper-
ature and the components were mixed before the addition
of transposase. Assembly of the complexes is very rapid and
they can be visualized in the EMSA after 1 min or after over-
night incubation. Where indicated the following additions
were made to reactions: 4 mM MgCl,, 4 mM CaCl,, 25 mM
EDTA and EGTA, and 500 ng/ml heparin. Quantification was
performed using a Fuji phosphorlmager.

Transposition reactions with supercoiled plasmid substrates
were performed as described previously (24). The plasmid
substrates encoded mini-Tn/0 transposons, in which two
identical outside ends were present in the inverted repeat con-
figuration on either side of a kanamycin resistance marker.
A description of the mutations is given in the Figure legend.

Hydroxyl radical footprinting

DNA footprints were generated by hydroxyl radical treatment
of protein—-DNA complexes as described previously (32). The
resultant ladders were compared with Maxam—Gilbert G + A
sequence ladders and plotted using NIH image software avail-
able from the US National Institutes of Health web server
(http://rsb.info.nih.gov/nih-image/).

RESULTS
Slow unfolding of PEC

Assembly of the Tn/0 transpososome in the presence of IHF
produces the bPEC that can be converted to a tPEC by
the ejection of the IHF from the complex (25,32,36). The
efficiency of bPEC unfolding was addressed by performing
a kinetic analysis (Figure 2A). bPEC was assembled by mixing
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radioactively labeled transposon ends with IHF and transpo-
sase. Since bPEC assembly is not 100% efficient, the free and
IHF-shifted DNA fragments are also detected (lanes 1-3).
When heparin is added, IHF is immediately stripped from
the free transposon ends, but most of the bPEC remains in
position and is not converted to tPEC (lane 4). As illustrated in
Figure 1A, heparin treatment will strip IHF from the [ side of
the complex, converting the ffbPEC to an sfbPEC. However,
since these species comigrate in the gel, this change is not
visible (25). When the reaction is supplemented with Ca**, the
bPEC unfolds slowly producing the tPEC, reaching 50% com-
pletion after half an hour (lanes 5-8). Even after overnight
incubation, some folded bPEC still remains.

To demonstrate that the unfolding behavior of the bPEC is
owing to the dissociation of the alHF protomer, mixed com-
plexes were assembled in which only one of the two transpo-
son arms contains an IHF binding site (Figure 2A, right panel).
For this purpose, we used an artificial transposon end in which
the DNA between bp +19 and +47 was replaced by tandem
repeats of the bases 5'-CTGA (32). This is referred to as an
‘even-end’ because the hydroxyl radical cleavage profile in the
presence of a saturating concentration of IHF is completely
even, indicating that IHF binding is negligible. The even-end
fails to form PEC on its own because it lacks an IHF binding
site. However, it is efficiently recruited into a mixed PEC
when the assembly reaction is supplemented with an outside
end fragment. In these experiments, the even-end is the equi-
valent of the inside end of IS/0 which also lacks an IHF
binding site. In such mixed complexes, the outside end
DNA fragment with its IHF binding site is always located
on the o side of the PEC. When these complexes are chal-
lenged with heparin and Ca™, unfolding has the same slow
kinetics and some bPEC still remains after overnight incuba-
tion (Figure 2A, right panel).

Unfolding is blocked in DEB complexes

Tn/0 DEB complexes can be prepared directly from DNA
fragments in which the flanking DNA has been removed by
restriction digestion (40). When supplemented with Mg™™, the
catalytic metal ion, these complexes can interact with a target
site and perform integration. Furthermore, hydroxyl radical
footprinting has demonstrated that the transposase and IHF
contacts in the DEB complex are identical to those in the bPEC
(32). To further investigate the elements required for unfold-
ing, we performed a kinetic analysis of the DEB complex
(Figure 2B). The DEB complex was assembled using pre-
cleaved transposon ends, in which all the DNA flanking the
transposon sequence has been removed. The left panel shows
complexes containing two precleaved outside end DNA frag-
ments, while the right panel shows mixed complexes contain-
ing one precleaved outside end and one precleaved even-end.
Surprisingly, and in complete contrast to the PEC, the DEB
complex fails to unfold even after overnight incubation with
Ca™™ and heparin. This finding suggests that flanking DNA has
a key role in the unfolding of the PEC.

Two isomers of the SEB complex have different
unfolding characteristics

Since the PEC unfolds when challenged with Ca*™" plus
heparin, while the DEB complex lacking flanking DNA is
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Figure 2. Slow unfolding of the bPEC and DEB complexes. (A) bPEC was assembled and treated with heparin and Ca*™ to initiate unfolding. The kinetics of
unfolding was monitored using the EMSA. Autoradiograms are shown. Left panel: the transpososome contains two identical outside ends of Tn/0. In this and most
other experiments, the IHF concentration was limited so that just over 50% of the transposon end DNA fragments are shifted (lanes 2 and 3). The bPEC therefore
represents a mixture of ffbPEC and sfbPEC which comigrate in the gel (see Figure 1A). Right panel: the stbPEC was prepared directly by mixing a radioactively
labeled even-end with an unlabeled outside end. The even-end is analogous to the inside end of IS/0 that lacks an IHF binding site. The even-end will not form
complex without an outside end partner. Since the label is present on the even-end, only mixed complexes are detected. Also, since the even-end lacks an IHF binding
site, no IHF-shifted DNA is observed. In the left panel, the outside end was prepared by digesting pRC98 with Xbal+HinclII (85 bp transposon arm/62 bp flanking
DNA). In the right panel, the outside end was prepared by digesting pRC98 with Accl+Sacll (84 bp transposon arm/75 bp flanking DNA). The even-end DNA
fragment was prepared by digesting pRC100 with Accl+BamHI (73 bp transposon arm/39 bp flanking DNA). Details of the additions made to the reactions, indicated
above the gel, are given in Materials and Methods. OE, outside end; EE, even-end; other details are as given in Figure 1. (B) The DEB complexes were prepared as
described in (A) using precleaved transposon ends. The outside end was prepared by digesting pRC35 with BstEII+Pvull (85 bp transposon arm). The even-end DNA
fragment was prepared by digesting pRC99 with AccI+Pvull (73 bp transposon arm). Other details are as given in (A).

resistant, we were particularly interested to determine the
unfolding behavior of the SEB complex. SEB complexes were
assembled by mixing a radiolabeled outside end with an excess
of unlabeled precleaved outside end (Figure 3A). In such a
mixture, we would expect to assemble two structural isomers
of the SEB complex: the oSEB when the cleaved transposon
end is on the o side of the complex and the BSEB when it is on
the B side of the complex. In fact, three complexes were
obtained (lane 1). As will be demonstrated below, this is
due to the fact that the SEB complex can exist in the fully
folded and semi-folded form, depending on whether one or
both IHF sites are occupied. In contrast to the oo IHF site,
occupation of the [ IHF site is irrelevant to the reaction as
it is always in equilibrium with IHF in solution (Figure 1A).
Furthermore, in contrast to the bPEC, the fully folded and
semi-folded SEB complexes are resolved in the EMSA.

The lower and upper bands of the triplet represent the
semi-folded oSEB isomer (sfoSEB) and the semi-folded
BSEB isomer (sfBSEB), respectively. This was demonstrated
by hydroxyl radical footprinting of the complexes (Figure 3B).
In the sfa.SEB, the radioactively labeled uncleaved-transposon
end is on the unfolded P side of the complex. As expected, it
shows little or no evidence of an IHF footprint. In the sSfBSEB,
the radioactively labeled uncleaved-transposon end is on the
folded o side of the complex. As expected, this complex has
the strong footprint of IHF.

The central band of the triplet represents a mixture of the
fully folded (ff) oSEB and BSEB which comigrate in the gel.
This was demonstrated by two observations: first, the upper

and lower band of the triplet are converted to the central band
at progressively higher IHF concentrations (data not shown);
and second, the central band disappears at low IHF concen-
tration (data not shown) and after heparin treatment to strip
IHF from the P side of the complex (Figure 3A, lane 2).

At this point, it should be noted that unfolding of the SEB
complex does not produce a top-SEB in the EMSA in the same
way that unfolding of the bPEC produces a tPEC. Instead, the
SEB complex disappears from the gel when it is completely
unfolded. However, the unfolded SEB are still present in the
reaction mixture because they reappear in the EMSA if the
IHF lost during unfolding is added back (36). This behavior
can be explained if the unfolded SEB complexes are simply
unstable during electrophoresis.

To determine the unfolding behavior of the aSEB and
BSEB isomers, the complexes were treated with heparin
and Ca'™, and the kinetics of unfolding were followed for
10 min (Figure 3A, lanes 3-5). The oSEB disappeared within
1 min, indicating that it unfolds very rapidly. In contrast, the
BSEB was almost completely resistant to unfolding. This res-
ult suggests that the presence of flanking DNA on the B side of
the complex is somehow required to drive or license unfolding
of the transpososome.

To further confirm the identity of the SEB complexes and to
validate their surprising unfolding behavior, the two isomers
of the SEB complex were prepared directly by mixing outside
end and even-end DNA fragments (Figure 4). Recall that the
absence of an IHF binding site on the even-end ensures that it
is always incorporated on the [ side of the complex. As before,
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Figure 3. Identification of two isomers of the SEB complex. (A) SEB complex
was assembled by mixing a radioactively labeled uncleaved outside end with an
excess of unlabeled precleaved outside end. This biases the reaction strongly in
favor of the assembly of mixed complexes. The uncleaved outside end was
prepared by digesting pRC167 with PstI+Xhol (96 bp transposon arm/77 bp
flanking DNA). The precleaved outside end was prepared by digesting pRC35
with Pvull+BstEII (87 bp transposon arm). sfaSEB, semi-folded o-single-end-
break; sfBSEB, semi-folded B-single-end-break. Other details are as given in
Figures 1 and 2. (B) The sfo.SEB and sfBSEB were footprinted with hydroxyl
radicals. Briefly, complexes were assembled, treated in solution with hydroxyl
radicals and separated using the EMSA. The complexes were recovered from
the gel and the footprints were displayed on a DNA sequencing gel. Dark and
light shaded boxes represent the transposase and IHF footprints as described
previously (32). The large arrowhead indicates the location of the transposon
end. The number of base pair inside the transposon is indicated.

the radioactive label was present only on the even-end, so that
only mixed complexes are detected. The sfBSEB was pre-
pared by mixing an uncleaved outside end with a precleaved
even-end (left panel). Counter wise, the sfaSEB was prepared
by mixing an uncleaved even-end and a precleaved outside end
(right panel). When the complexes are challenged with Ca*™*

unlock the o side of the complex and with heparin to strip out
the IHF, only the oSEB complex unfolds. The SEB complex
was highly resistant to unfolding and 80% remained after over-
night incubation (Figure 4, left panel). These results confirm
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Figure 4. Kinetics and requirements for unfolding of the SEB isomers. Mixed
complexes were assembled using the transposon ends illustrated below each
panel. There was a 4-fold molar excess of the outside end present. The outside
end was prepared by digesting pRC98 with Accl+Scal (84 bp transposon arm/
75 bp flanking DNA). The precleaved outside end was prepared by digesting
pRC35 with BstEII+Pvull (85 bp transposon arm). The even-end DNA frag-
ment was prepared by digesting pRC100 with Accl+BamHI (73 bp transposon
arm/39 bp flanking DNA). The precleaved even-end was prepared by digesting
pRC99 with Accl+Pvull (73 bp transposon arm). Other details are as given in
Figure 2.

the unfolding behavior shown in Figure 3 where the oSEB and
BSEB complexes were prepared in a single mixture.

The a side of the complex is cleaved preferentially

The unfolding of the o.SEB in less than a minute is extremely
fast compared with the bPEC that takes several hours or to the
BSEB and DEB complexes which are essentially resistant to
unfolding. Since unfolding is required for target interactions
later in the reaction, the cleavage reaction might be expected
to have a bias toward the o'SEB intermediate. This would
occur if the o flanking DNA is cleaved in preference to the
B flanking DNA.

To address this question, a bPEC was assembled from a
mixture of outside and even-end substrates that have different
lengths of flanking DNA (Figure 5). The different lengths of
the flanking DNA ensures that the fully folded forms of the o
and BSEB are resolved in the EMSA at a saturating concen-
tration of IHF which would otherwise cause them to comigrate
(see Figure 3A). Since no target DNA was provided, the DEB
complex is the end product in these reactions. Also, since no
heparin was added, IHF is able to reassociate with the outside
end fragment even if it has been ejected during a previous step
in the reaction.

As before, the radioactive label was present only on the
even-end DNA fragment so that only mixed complexes are
detected in the EMSA (Figure 5). This also ensures that the
outside end, with the long flanking DNA, is always incorpor-
ated on the o side of the complex. The bPEC was assembled in
the absence of divalent metal ion and the reaction was initiated



1988 Nucleic Acids Research, 2005, Vol. 33, No. 6

0 5 10 20 40 min bPEC —
gnn--« X “ 5

e H ¢+Mg++
o (20%) (’K@ @
- ___\ —75
OLSSOI‘E%B) *%'

\

‘ l@ o
>3

Figure 5. The cleavage step is biased toward the a'SEB isomer. The standard
complex assembly reaction was scaled up and initiated at time zero by the
addition of Mg"™". Aliquots were removed at the indicated times and loaded
directly onto the gel that was under electrical tension. The outside end and even-
end DNA fragments were prepared by digesting pRC167 and pRC100 with
PstI+Xhol and HindIII+Spel, respectively. To preclude any potential influence
on the rate of cleavage by the sequence of bases flanking the transposon, the
flanking DNA on each fragment is isogenic. The outside and even-ends are also
isogenic out to bp 19 of the transposon end. Other details are as given in Figure 2.

by the addition of Mg*™. At the indicated time points, aliquots
were removed from the reaction and loaded onto the gel that
was under electrical tension. The fact that electrophoresis
was underway throughout the time course accounts for the
displacement of the bands upwards at later time points. The
oSEB is the first cleavage intermediate to appear after only
5 min. A faint signal representing the BSEB appears after
10 min and the DEB appears at 20 min. At 40 min, 80% of
the SEB intermediate is the ’SEB isomer. This is the bias
expected if the order of cleavage is to favor unfolding of the
transpososome at the SEB stage of the reaction.

The efficiency of unfolding dictates the efficiency of
insertions

All of the unfolding experiments described above were per-
formed under non-catalytic conditions. We therefore sought to
determine whether the unfolding kinetics of the various com-
plexes is correlated with the efficiency of the insertion reaction
(Figure 6). A single large reaction was assembled for each of
the complexes and initiated at time zero by addition of the
catalytic metal ion in a mixture with a closed circular target
plasmid. The target plasmid also served as a competitor that
will sequester IHF after a single cycle of dissociation from the
transpososome. At each time point, an aliquot was removed
from the reaction and stopped by the addition of EDTA to
chelate the Mg*™. Half of each aliquot was used to visualize the
complexes, while the other half was deproteinated by SDS
treatment to allow detection of the large insertion product.
For each type of complex, the native and denatured sets of
samples were electrophoresed on the same gel so that the
quantification of the native complexes and deproteinated
insertion products would be directly comparable.

When the reaction with the bPEC is initiated by adding the
mixture of Mg*" and target plasmid, the IHF-retarded DNA
located at the bottom left hand corner disappears (Figure 6A).

This indicates that the IHF is effectively competed away from
the free transposon ends by the target plasmid. At the first time
point, 37% of the bPEC has been converted to tPEC due to the
release of IHF. During the course of the reaction, both isomers
of the SEB intermediate accumulate and then disappear as
they are converted to DEB. The rapid appearance of the
BSEB isomer contradicts the results in Figure 5, where 80%
of the SEB complexes are contributed by the a'SEB isomer.
This discrepancy is due to the presence of competitor DNA in
this experiment and the fact that «SEB unfolds much more
rapidly than the BSEB (Figures 3 and 4). At the end of the
time course, 50% of the bPEC has been converted to insertion
products, 25% remains at the DEB stage and the remainder is
accounted for by the tPEC, bPEC and SEB species (Figure 6A
and F).

The kinetics of the two SEB isomers is significantly differ-
ent from each other. In the reactions with the aSEB complex,
the DEB behaves like a reaction intermediate; it accumulates
at early time points and then diminishes as it is converted to
insertion product (Figure 6B and G). However, in reactions
with the BSEB complex, the DEB accumulates more rapidly
but it appears to be trapped and is converted only very slowly
to the insertion product (Figure 6C and H). Finally, the kinetics
of the reaction with the DEB complex is completely different
from the others and only 4% is converted to insertion product
during the 4 h time course (Figure 6D and I). Overall, the
kinetics of the insertion reactions fits very well with the
unfolding kinetics under non-catalytic conditions: SEB >
bPEC > BSEB > DEB (Figures 2-4).

The most important aspect of these results is that IHF is
locked into the DEB complex and inhibits the integration step
of the reaction. To confirm that this behavior is not an artifact
due to the short linear DNA substrates, another experiment
was performed with supercoiled plasmid substrates in the
presence or absence of IHF (Figure 6E). With supercoiled
substrates, initiation of the reaction is independent of IHF
(39) and a set of topologically complex integration products
are detected (lanes 1 and 3). When the transposon end has
a strong IHF binding site, the DEB product of the reaction
accumulates (lane 2) (24). However, inhibition of the integ-
ration step is relieved when the IHF binding site is abolished
by the introduction of a triple point mutation that destroys the
IHF consensus binding site (lane 4).

When the amount of unreacted complex is plotted, the
bPEC, oSEB and BSEB disappear with identical kinetics
(Figure 6J). However, this observation is difficult to interpret
because these complexes may disappear due to unfolding and/
or cleavage. The kinetics of insertion accumulation is more
informative (Figure 6K). The bPEC and BSEB have almost
identical kinetics. However, since the BSEB starts at a later
point on the reaction pathway, this suggests that the kinetics of
the bPEC reaction is probably slightly faster. The reaction with
the aSEB complex goes closer to completion than the others
with 70% of the starting material converted to insertion pro-
ducts. Furthermore, this difference is even greater at early time
points, indicating that the kinetics of the reaction is also faster.
This suggests that the most favorable pathway for cleavage is
via the oSEB intermediate. The difference between the kin-
etics of the SEB and BSEB reactions is largely owing to the
amount of material that remains trapped at the DEB stage.
Overall, it therefore appears that the transposition reaction
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Figure 6. Insertion kinetics of the different complexes. (A-D) and (F-K) The standard 20 pl reaction was scaled up to 200 pul and initiated at time zero by the addition
of Mg in amixture with 10 pg of pBluescript as target DNA. Aliquots (40 pl) were withdrawn at the indicated time and stopped by the addition of EDTA. Half of the
reaction was deproteinated by SDS treatment to allow detection of the large insertion product. For each type of complex, the native and deproteinated aliquots (20 1)
were electrophoresed on the same gel so that the quantification of the various complexes and products was exactly comparable and did not require normalization. The
sequence of bases flanking the transposon ends on each fragment was isogenic to preclude any potential effect on the rate of cleavage. bPEC panel; the outside end was
prepared by digesting pRC98 with Accl+Sacll (84 bp transposon arm/75 bp flanking DNA). alSEB panel: the precleaved outside end was prepared by digesting
pRC35 with BstEII+Pvull (85 bp transposon arm); the uncleaved even-end DNA fragment was prepared by digesting pRC100 with Accl+BamHI (73 bp transposon
arm/39 bp flanking DNA). BSEB panel: the uncleaved outside end was prepared by digesting pRC98 with Accl+Sacll (84 bp transposon arm/75 bp flanking DNA);
the precleaved even-end was prepared by digesting pRC99 with Accl+Pvull (73 bp transposon arm). DEB panel: the precleaved outside end was prepared by
digesting pRC35 with BstEII+Pvull (85 bp transposon arm). (E) Transposition reactions (200 pl) contained 1 nM plasmid substrate encoding a mini-Tn/0 transposon,
6 nM transposase and 35 nM IHF. The reactions were incubated at 30°C for 3 h, concentrated by ethanol precipitation and analyzed on a TBE-buffered 1.1% agarose
gel (30,39). Excision of the transposon segment from the supercoiled plasmid substrate produces the DEB product (referred to in previous publications as the ‘excised
transposon fragment’ or ETF). Auto-integration of the DEB product produces a topologically complex set of knot and catenane products (39). Apart from the DEB
product, these are the only products present in the section of the gel shown. The IHF-up and IHF-down mutations were encoded on plasmids pNK2588 and pNK2590,
respectively. IHF-up (single point mutation) and IHF-down (triple point mutation) move the IHF binding site closer to or further away from the IHF consensus binding
site as described in Figure 1 of ref. (46). A reverse contrast photograph of an ethidium bromide stained agarose gel is shown.

stalls at the DEB stage unless unfolding is achieved before promote conformational changes during the cleavage steps
cleavage. of the reaction. This was demonstrated previously because

disruption of the loop blocks resolution of the DNA hairpin

intermediate on the first transposon end to be cleaved and stalls
DISCUSSION the reaction at the SEB stage (26). The results presented
here provide further insight into this mechanism by showing
that there are multiple pathways for unfolding of the IHF-loop
The IHF-loop has an important structural role during assembly and cleavage of the transposon ends. The pathways are sum-
of the Tn/0 transpososome. However, it is also required to marized in Figure 7 where they are illustrated for a mixed

Multiple pathways to unfold the IHF-loop
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Figure 7. Multiple pathways for the unfolding and cleavage of the Tn/0 transpososome. The model summarizes the potential of the transpososome to unfold at
different stages of the cleavage reaction. At the start of the reaction, the bPEC can follow one of the three pathways. The least productive is via the BSEB intermediate.
Transpososomes that arrive at the DEB stage of the reaction with IHF still associated, or reacquire IHF at this stage of the reaction, unfold and perform the strand

transfer step very slowly.

complex that represents transposition of IS/0 in which only
one transposon end has an IHF binding site.

IHF must be ejected from the complex at some point during
the reaction to allow unfolding and subsequent target inter-
actions. In principle, this could take place before cleavage
(bPEC), after cleavage (DEB) or during cleavage (SEB).
We found that under non-catalytic conditions, the most favor-
able point in the reaction was during the SEB stage. The
capacity of the various complexes to unfold under catalytic
conditions was also determined (Figure 6). However, the
interpretation of these experiments is complicated because
the unfolded SEB intermediates are invisible in the EMSA.
Thus, the disappearance of an SEB intermediate could be
either due to cleavage of the flanking DNA or due to unfolding.
This problem was circumvented by measuring the efficiency
of strand transfer into a target plasmid that requires both
unfolding of the transposon arms and cleavage of the flanking
DNA (36,40). The efficiency with which the different com-
plexes produced insertions was identical to the efficiency of
unfolding under non-catalytic conditions: oSEB > bPEC >
BSEB > DEB.

Cyclic changes in IHF-binding affinity

Previously, the molecular spring model for unfolding of the
Tnl/0 transpososome proposed that IHF was ejected by micro-
mechanical movements that produce a torsional force in the
IHF-loop (24). The cyclic changes in the affinity of the IHF
binding site demonstrated in the present work supports this
view and for the first time suggests that ejection occurs
specifically at the SEB stage of the reaction. Since Tn/0

transposition involves no high energy cofactors, the energy
to drive the conformational changes is presumably derived
from the binding energy of the protein components. This is
supported by the fact that transposition is irreversible and that
the transpososome becomes progressively more stable as the
reaction progresses. This raises the question of where in the
complex the energy is stored? In the original molecular spring
model, energy was stored in the distortion of the DNA in the
IHF-loop. However, the present work raises the possibility that
the driving energy is stored in the distortion of the DNA
flanking the transposon sequences.

Coupling the rate of transposition to the physiological
state of the cell

In vivo, THF regulates Tn/0 transposition positively and neg-
atively depending on the length of the transposon and whether
it is located on the chromosome or a multi-copy plasmid (41).
These observations can be rationalized based on the effects of
IHF and supercoiling on reactions performed in vitro (24). In
the absence of IHF, supercoiling promotes assembly of the
transpososome and the cleavage steps of the reaction. How-
ever, after excision, the presence of supercoiling in the excised
transposon reduces the rate of transposition by favoring non-
productive intramolecular target interactions (39). Likewise,
low concentrations of IHF stimulate transpososome assembly
and the cleavage steps, while high concentrations favor non-
productive intramolecular target sites. The effects of IHF and
supercoiling, therefore, both act homeostatically by stimulat-
ing the early steps of transposition but inhibiting the late steps.
This homeostatic mechanism is further reinforced because IHF



and supercoiling may respond in opposite directions during
environmental changes. When cells enter stationary phase, for
example, supercoiling declines up to 50% while the level of
IHF increases 10-fold (42,43).

The present work supports this view of the mechanism of
IHF regulation and provides an additional insight. Even if
transposome assembly is stimulated by supercoiling without
the involvement of IHF, there is a window of opportunity at
the DEB stage during which the reaction will be sensitive
to the concentration of IHF in the host cell. Indeed, most of
the difference between the insertion efficiency of the various
complexes can be accounted for by the amount of material
that remains trapped as folded-DEB complex at the end of
the time course (Figure 6): DEB (86%) > BSEB (46%) > PEC
(25%) > oSEB (1%).

Conformational coupling between opposite sides of
the transpososome

We have shown previously that the bPEC is asymmetric even
when it contains two identical outside ends (Figure 1A). The
asymmetry is revealed by the different unfolding behavior of
the transposon ends that defines the o and B sides of the
complex. The biological rationale for the asymmetry is that
the molecular mechanism of transposition is tailored to
accommodate the structure of IS/0 which has an IHF binding
site at only one end. The unfolding behavior of the two SEB
isomers represents an additional aspect of the structural asym-
metry. Specifically, the presence of flanking DNA on the P
side of the complex is communicated to the opposite side of
the complex, promoting or licensing the unfolding of the o
transposon arm.
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