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TnS is a composite transposon consisting of two IS50 sequences in inverted orientation with respect to a
unique, central region encoding several antibiotic resistances. The ISSOR element encodes two proteins in the
same reading frame which regulate the transposition reaction: the transposase (Tnp), which is required for
transposition, and an inhibitor of transposition (Inh). The inhibitor is a naturally occurring deletion variant
of Tnp which lacks the N-terminal 55 amino acids. In this report, we present the purification of both the Tnp
and Inh proteins and an analysis of their DNA binding properties. Purified Tnp, but not Inh, was found to bind
specifically to the outside end of Tn5. Inh, however, stimulated the binding activity of Tnp to outside-end DNA
and was shown to be present with Tnp in these bound complexes. Inh was also found to exist as a dimer in
solution. These results indicate that the N-terminal 55 amino acids of Tnp are required for sequence-specific
binding. They also suggest that Inh inhibits transposition by forming mixed oligomers with Tnp which still
bind to the ends of the transposon but are defective for later stages of the transposition reaction.

Transposable elements are defined segments of DNA that
are capable of moving from one locus to another in the
genome. They are found in a wide variety of species ranging
from prokaryotes to higher-order eukaryotes (3). While they
have a variety of architectures, there are two essential features
common to all transposable elements. First, they are delineated by end sequences that are required in cis for the
transposition reaction. Second, they encode the functions that
facilitate and control their movement.
The prokaryotic transposable element Tn5 (Fig. 1) (2, 20) is
a 5.8-kb composite transposon consisting of two inverted IS50
elements, IS5OR and IS5OL, which flank a unique central
region encoding several antibiotic resistance genes. Both IS50
sequences are delineated by 19-bp end sequences termed
outside ends (OE) and inside ends (IE) by virtue of their
proximity to the central region (12, 22). IS50R encodes two
proteins, Tnp and Inh, that facilitate and control Tn5 transposition (11, 13, 14, 28). Tnp is the cis-active transposase, and
Inh, which lacks the N-terminal 55 amino acids of Tnp, is an
inhibitor of transposition. ISSOL encodes counterparts of Tnp
and Inh that are nonfunctional because of a premature stop
codon (21).
We postulate that the TnS transposase, by analogy with
other prokaryotic transposase proteins, participates in several
reactions. It must bind specifically to the IS50 OE and IE
sequences, promote the proper synapsis of these two ends, nick
or cut the DNA adjacent to the binding sites, and then insert
the transposon sequences into target DNA. We are particularly
interested in two lines of inquiry: analyzing the interaction of
Tnp with the IS50 ends and determining how Inh negatively
regulates the transposition reaction. In order to address these
questions, we have overproduced and purified both proteins. A
gel retardation assay was developed to study the specific

properties of DNA binding of Tnp and Inh to the Tn5 OE
sequence. These studies have shown that Tnp binds specifically
to the OE sequence, that Inh by itself fails to bind to this
sequence, but that Inh may alter the nature of the transposase-OE interaction. We conclude that the N-terminal 55
amino acids of transposase are required for OE binding and
that the inhibitor probably inactivates the transposase by
forming mixed oligomers with transposase.
MATERIALS AND METHODS
Bacterial strains and plasmids. Escherichia coli BL21(DE3)
containing pLysS (24) was used for Tnp overproduction, and
HMS174(DE3) (23) was used for Inh overproduction. Both
strains carry the defective XDE3 phage which encodes T7 RNA
polymerase under the control of lacP, which is induced directly
by isopropyl-3-D-thiogalactopyranoside (IPTG) or indirectly
by lactose.
pRZ4793 was constructed to overproduce Tnp by cloning
the BspHI-BclI fragment of IS50R into the NcoI-BamHI sites
of the T7 expression plasmid pET21d+ (Novagen). pRZ7072
is an analogous plasmid carrying the MA56 mutation which
eliminates the synthesis of the inhibitor protein (27).
pRZ3273+56A (23) was used for the overproduction of Inh.
This plasmid also contains IS50 genes under T7 RNA polymerase control; however, a premature stop codon in the
unique region of the transposase reading frame eliminates Tnp
synthesis but leaves Inh unchanged. DNA containing the OE
was isolated as a 60-bp EcoRI-HindIII fragment from
pRZ7067 and pRZ7067-7G (18) or as a 206-bp EcoRI-HaeIII
fragment from pRZ204 (14).
Restriction enzymes were obtained from New England
Biolabs and Promega Biotech. Avian myeloblastosis virus
reverse transcriptase was obtained from Molecular Genetics
Resources, and radioisotopes were purchased from Amer-
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sham.
Purification of Tnp. An overnight culture of BL21(DE3)
pLysS also containing pRZ4793 was diluted 1:100 into Luria
broth containing 100 ,ug of ampicillin per ml and 20 pg of
chloramphenicol per ml. The culture was grown to an optical
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FIG. 1. Structure of TnS. Tn5 is a composite transposon with two IS50 insertion sequences flanking a central region which encodes several
antibiotic resistances. Each IS50 is defined by 19-bp terminal sequences, the OE and the inside end (IE). The transposase, Tnp, and inhibitor
protein, Inh, are encoded in IS50R and are translated from two different transcripts (TI and T2). IS50L encodes nonfunctional C-terminal
truncated counterparts of Tnp and Inh (p3 and p4).

density at 550 nm of 0.3 and induced with the addition of IPTG
to 0.2 mM. The culture was grown for an additional 60 min,
and the cells were harvested by centrifugation at 6,000 x g for
20 min at 4°C. Longer induction periods led to a greater
proportion of Tnp degradation products (data not shown). All
subsequent steps were carried out at 4°C. The cells were
resuspended in 10 ml of 0.1 M NaCI-TEGX buffer (20 mM
Tris-HCI, 1 mM EDTA, 10% glycerol, 0.1% Triton X-100, 0.1
mM phenylmethylsulfonyl fluoride, pH 7.5) and passaged twice
through a French pressure cell at 16,000 lb/in2. The lysate was
clarified by centrifugation at 25,000 x g for 15 min, and then
the supernatant was brought to 150 mM NaCl. Essentially all
of the Tnp from the lysed cells was soluble and present in this
supernatant. Polyethyleneimine was added to a final concentration of 0.25%, and after 10 min on ice, the mixture was
centrifuged for 10 min at 10,000 x g. The supernatant was
brought to 47% saturation with ammonium sulfate, stirred, and
left on ice for 30 min. The pellet was collected by centrifugation at 10,000 x g for 15 min. The pellet was resuspended in
5 ml of 0.4 M NaCI-TEGX buffer containing 20% glycerol,
dialyzed against this buffer, and applied to a 10-mi heparinagarose column equilibrated in the same buffer. After washing
with three column volumes of buffer, Tnp was eluted in a single
peak with an 80-ml linear (0.4 to 1.2 M) NaCl gradient. Tnp
was eluted at approximately 0.65 M NaCI. Fractions were
stored at - 70°C after freezing in liquid N2. The inclusion of
Triton X-100 during purification was found to increase the
DNA binding activity of Tnp by at least fivefold and improved
its overall behavior during purification.
Overproduction and purification of Inh. The plasmid used
to overproduce Inh has the natural translation initiation signals
for Inh, so a different procedure was used for optimal overproduction. Five hundred milliliters of pRZ3273+56A in
HMS174(DE3) was grown to saturation in Luria broth containing 100 [wg of ampicillin per ml. Forty liters of enriched
M9-glucose (19) containing 100 pLg of ampicillin per ml was
inoculated with this culture and grown for 8 h. This procedure
by itself produced a substantial accumulation of Inh. After the
glucose was consumed, lactose was fed into the fermentor to
0.2% and the cells were grown for an additional 4 h. We
determined Inh to be approximately 0.5 to 1.0% of the total
cell protein by this method.
Cells were recovered as described above, with a total yield of
180 g (wet weight). The cells were resuspended in TEG buffer
(without Triton X-100) to 0.2 mg of cells per ml. Fifty-milliliter
aliquots were then frozen in liquid N2 and stored at - 70°C.
A 50-ml aliquot was thawed and passed twice through a
French pressure cell at 20,000 lb/in-. Bacterial debris and

membranes were removed by centrifugation at 100,000 x g for
1 h. The supernatant was then taken to 50% ammonium sulfate
saturation, and the precipitated proteins were recovered by
centrifugation at 26,000 x g. The supernatant was then taken
to 60% ammonium sulfate saturation, and the precipitate was
recovered as described above. The pellet was resuspended in 3
ml of 0.2 M NaCI-TEG buffer and either frozen in liquid N, or
applied directly to a 12-ml heparin-agarosc column. The
column was washed with 25 ml of 0.2 M NaCI-TEG buffer, and
then the protein was eluted with a 100-ml linear (0.2 to 1.0 M)
NaCl gradient. Inh was eluted in a single peak at approximately 0.65 M NaCl. The fractions containing lnh were then
pooled, concentrated, and frozen in liquid N2. Wc also purified
Inh in the presence of Triton X-100 since this improved the
DNA binding activity of the transposase; howcver, the detergent did not alter the properties of Inh other than to slightly
shift the profile of its elution from the heparin-agarose column
(data not shown).
Three to 10% discontinuous sodium dodecyl sulfate (SDS)polyacrylamide gels (17) were used to visualize the purification
of Tnp and Inh, and a gel retardation assay (described below)
was used to monitor DNA binding activity.
Analytical gel filtration of Inh. A 250-pd aliquot containing
1.0 mg of pooled and concentrated Inh from the heparinagarose column was loaded onto a 25-ml Sephacryl S-300
column equilibrated with 0.4 M NaCI-TEG buffer and run at a
flow rate of 2.5 ml/h. The 0.5-ml fractions were analyzed for
total protein content by using a modified Bradford assay (5),
and 10-[l samples were mixed with limiting quantities of Tnp
and assayed for the ability to enhance Tnp binding to the OE
by using the gel retardation assay (below). The apparent
molecular mass of Inh was determined against the following
protein standards (Sigma Chemical Co.): cytochrome c (12.4
kDa), bovine serum albumin (BSA) (66 kDa), alcohol dehydrogenase (150 kDa), 3-amylase (200 kDa), and thyroglobulin
(669 kDa).
Gel retardation assay. For the gel retardation assay, various
amounts of Tnp or Inh were incubated with approximately 10
fmol of 32P-labelled OE DNA in binding buffer (20-p.l final
volume) for 30 min at 30°C. Binding buffer contained 20 mM
NaPO4 (pH 7.5), 0.1 mM dithiothreitol, 100 mM potassium
glutamate, 10 mM MgCl2, 0.5 mM EDTA, 200 Fg of BSA per
ml, 0.1% Triton X-100, and a 240-fold weight excess of calf
thymus DNA. Sucrose and xylene cyanol were added, and the
reaction mixture was loaded onto an 8% polyacrylamide gel in
0.5 x Tris-borate-EDTA buffer and electrophoresed at 4°C for
2 h at 300 V. Gels were dried and autoradiographed. Individual
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bands were quantitated with a Betascope blot analyzer (Betagen Corp.).
Immunoblotting and analysis of complexed Tnp and Inh
proteins. Tnp was purified further by preparative electrophoresis (1()). The resulting fraction was used to immunize
New Zealand White male rabbits from which polyclonal
antisera against both Tnp and Inh were obtained. Immunoblotting was performed as described previously (16), except that
a 1:500 dilution of anti-Tnp sera collected 4 weeks after
booster immunization and a 1:1,000 dilution of goat anti-rabbit
immunoglobulin G alkaline phosphatase (Sigma) conjugate
were used. The proteins were visualized with 5-bromo-4chloro-3 indolyl phosphate and nitroblue tetrazolium.
To obtain sufficient amounts of complexed proteins for
immunoblotting analysis, the DNA binding reaction mixtures
were scaled up to contain 500 fmol of OE DNA. Reaction
mixtures contained either 1.0 pg (I 8pmol) of Tnp or 0.5 pLg of
Tnp and 0.5 p.g of Inh. After gel retardation as described
above, the complexes were detected by autoradiography, excised from the gel, and loaded onto a 10% SDS-polyacrylamide
gel. Control slices were also prepared from lanes in which the
specific OE DNA was omitted to analyze the migration of Tnp
in the absence of specific DNA. After electrophoresis, the
proteins were blotted to nitrocellulose overnight at 100 mA
and developed as stated above.

RESULTS
Tnp binds specifically to the OE of Tn5. In order to study
the characteristics of Tnp binding to the ends of Tn5, we have
developed an overproduction and purification scheme for this
protein (see Materials and Methods). Briefly, the Tnp gene
was placed under the control of T7 RNA polymerase to give
pRZ4793. Cells containing this plasmid were induced in midexponential phase with 0.2 mM IPTG to yield Tnp at approximately 10% of the total cell protein. Tnp was then purified by
polyethyleneimine precipitation and ammonium sulfate fractionation, followed by chromatography on heparin-agarose. An
SDS-polyacrylamide gel showing the various stages of purification and the Tnp fractions from the heparin-agarose column
is shown in Fig. 2A. After this procedure, Tnp represented
approximately 80% of the total protein. The major contaminants are degradation products of Tnp, since they are dependent on Tnp synthesis and cross-react with antisera raised
against full-length transposase (data not shown). These contaminants do not represent independent translational products, since strains carrying an overproducing plasmid with a
deletion of the initiation codon for Tnp do not produce these
proteins. We can also monitor the conversion of full-length
Tnp to these degradation products in crude extracts. Strains
deficient in the ompT protease (9), such as the E. coli strain
BL21 (DE3) we used for overproduction (24), were found to
substantially reduce proteolysis of Tnp. We have also tried a
number of protease inhibitors and other protease-deficient
strains to further minimize the degradation products, without
success.

Tnp purified in this manner binds to a 60-bp DNA fragment
containing the OE of Tn5. Figure 2B shows a gel retardation
profile of the Tnp fractions from the heparin-agarose column.
The DNA binding activity correlates with the Tnp peak shown
in the SDS fractions. Furthermore, this binding is specific to
the OE, since a 7C to G mutation in the OE which abolishes
transposition in vivo (18) greatly impairs the ability of the
transposase to bind to the OE (1 la) (Fig. 2B, lanes 8 and 9).
We have consistently observed, however, that fractions which
are enriched for the Tnp degradation products exhibit a
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FIG. 2. Purification and DNA binding of Tnp. (A) Coomassie
stained 10% SDS gel of various stages of Tnp purification. Lanes: 1,
molecular weight standards (Std.); 2, uninduced cells; 3, supernatant of
induced cells after lysis and a 15K (25,000 x g) centrifugation; 4,
supernatant after 0.25%/c polyethyleneimine precipitation (PEI sup); 5,
ammonium sulfate (AS) pellet; 6 to 12, fractions from the heparinagarose (HA) column. The position of the Tnp protein is indicated on
the right, and the bracket denotes the Tnp degradation products.
These contaminating protein bands are named as follows, from top to
bottom: Tnpx, Inh, and Tnp,. (B) Gel retardation was performed as
described in Materials and Methods, using a 60-bp DNA fragment
containing the OE (wt) or the same fragment containing a 7C to G
mutation in the OE (7G) and 1 plI of each fraction. The total protein
concentration of the peak fraction, 19, was 0.4 mg/ml.

greater DNA binding activity than fractions which contain
mostly Tnp alone. For example, compare the high DNA
binding activity of fraction 22 versus that of fraction 16 in Fig.
2. Both fractions contain similar amounts of Tnp; however,
fraction 22 contains degradation products while fraction 16
does not. A molecular explanation for this observation follows
from the finding that both full-length Tnp and an N-terminal
degradation product of Tnp, which we have designated Tnpox,
are present in retarded complexes with the OE (below). It
seems, therefore, that Tnpox might enhance the DNA binding
activity of Tnp, since it does not bind to OE DNA by itself (25;
see also Discussion).
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FIG. 3. Inh does not bind to the OE but enhances the OE binding
of Tnp. Gel retardations were performed as for Fig. 2B with, in the
order of addition, DNA, Tnp, and Inh. Proteins were diluted into
binding buffer immediately before use. The nanogram amounts of
protein indicated above each lane represent total protein in each
purified preparation and were determined relative to BSA by the
method of Bradford (5). DNA was the 60-bp fragment containing the
OE (wt) or the 7G mutation (7G). Mock indicates that 1 [L of buffer
was added to the reaction mixture instead of Inh.
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FIG. 4. Inh behaves as dimer in solution. A 250-R'i aliquot
containing 1.0 mg of Inh, pooled and concentrated from the heparinagarose column, was applied to a 25-ml Sephacryl S-300 gel filtration
column in 0.4 M TEG buffer at a flow rate of 2.5 ml/h. Molecular mass
standards were cytochrome c (12.4 kDa), BSA (66 kDa), alcohol
dehydrogenase (150 kDa), ,B-amylase (2t)() kDa), and thyroglobulin
(669 kDa). The total protein concentration in each fraction
determined by the method of Bradford (5) and is plotted on the left
axis. Equivalent (10-pLL) samples of Inh from each fraction were added
to a constant amount of transposase and the 206-bp fragment containing the OE and analyzed by a gel retardation reaction (see Materials
and Methods). The fold stimulation of complex formation by Inh was
quantitated on a Betascope and is plotted on the right axis. The X
indicates the percent retardation by Tnp in the absence of Inmb.
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Purification and characterization of Inh. In order to study
the mechanism of inhibition by Inh, we have also overproduced
and purified this protein (see Materials and Methods). After
overproduction of Inh to approximately 0.5 to 1.0% of the total
cell protein, cells were lysed and bacterial debris and membranes were removed by centrifugation at 100,000 x g. The
supernatant was treated with successive ammonium sulfate
precipitations (Inh was recovered in the 50 to 60% precipitate)
and fractionated by heparin-agarose chromatography. Densitometric measurements indicate that Inh represents approximately 80 to 90% of the total protein. Since two models to
explain the inhibition properties of Inh involve either specific
binding to the OE of Tn5 or a direct protein-protein interaction with the transposase to inactivate it, we examined the
DNA binding characteristics of Inh and examined its solution
molecular weight by analytical gel filtration to investigate its
multimeric state.
One of the ways in which Inh could inhibit Tn5 and IS50
transposition would be to compete with Tnp for binding to the
transposon ends and form a bound complex which could not
participate in the transposition reaction. Therefore, we tested
Inh for specific DNA binding to the OE by using the same
reaction conditions we used to detect Tnp binding. Lanes 1 (wt
DNA) and 2 (7G DNA) of Fig. 3 show the specific complex
formed by Tnp with the OE. Lanes 3 and 4 show the analogous
retardation reactions with a 2.5-fold-higher concentration of
purified Inh. Although two faint retarded bands were observed, they are unlikely to represent complexes specific to the
OE since they were seen with both the wild-type and 7G DNA.
With amounts of Inh (300 to 400 ng) which would give
approximately 90% retardation for Tnp, no retarded complexes were observed (data not shown). We conclude that the
Inh protein lacks the ability to bind specifically to the OE of
Tn5.
Since Inh does not compete with Tnp in binding to the ends,
it must either directly interact with Tnp and inhibit its activity
or compete with Tnp for some host factor which is required for
transposition. If Inh interacts with Tnp, it might alter the DNA

binding characteristics of Tnp or affect some later step in the
reaction. To test for an interaction with Tnp, we titrated a
constant amount of Tnp and OE DNA, resulting in approximately 10% complex formation (Fig. 3, lane 5), with increasing
amounts of Inh (Fig. 3, lanes 6 to 8). Lane 9 shows a control in
which only buffer was added to the reaction mixture containing
Tnp. These data indicate that Inh substantially enhances the
DNA binding activity of Tnp preparations and that increasing
amounts of Inh give correspondingly larger amounts of complex formation. Furthermore, since the addition of Inh had no
effect on Tnp binding to DNA fragments which do not contain
the OE (data not shown), this enhanced Tnp-Inh complex is
specific for the OE.
Enhancement of Tnp DNA binding copurifies with an
apparent dimer of Inh. To show that this enhancement activity
copurifies with Inh and to determine the apparent molecular
mass of Inh, we performed these same enhancement assays as
well as SDS-PAGE analysis of Inh through an analytical S-300
gel filtration column. First, Inh was eluted in a broad peak with
an apparent molecular weight of 100,000 (Fig. 4), indicating
that it forms a dimer and perhaps higher multimers in solution
(the deduced monomeric molecular mass of Inh is 47,500 Da).
Second, we analyzed fractions from the S-300 column for the
ability to enhance Tnp binding to the OE (Fig. 4). The
enhancement activity of Tnp binding was eluted with the same
fractions containing Inh, giving a maximum of 12-fold stimulation precisely corresponding to the Inh peak. This argues that
Inh itself is responsible for this enhancement activity.
Tnp and Inh are present in retarded complexes with the OE.
The inhibitor is able to enhance the formation of a specific
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FIG. 5. Tnp and Inh are present in the retarded complex specific to
Tnp. Gel slices containing IS5OR proteins, bound to OE DNA
fragments, were cut from a 5% polyacrylamide gel and loaded onto a
3 to 10% discontinuous SDS-polyacrylamide gel. After electrophoretic
separation, the proteins were transferred to nitrocellulose and detected with polyclonal antibodies against Tnp. Lanes: 1 and 2, 100 ng
of Tnp and Inh, respectively, loaded directly onto the protein gel as
size standards; 3, complexed proteins from a DNA binding reaction
containing 500 fmol of OE DNA and 18 pmol of Tnp; 4, same as lane
3, only lacking the OE DNA; 5, complexed proteins from a DNA
binding reaction containing 500 fmol of OE DNA, 9 pmol of Tnp, and
9 pmol of Inh; 6, same as lane 5, only lacking the OE DNA. Bands
corresponding to full-length transposase (Tnp), transposase fragment
( (Tnpz), and inhibitor (Inh) are indicated.

Tnp-OE complex but does not change the mobility of this
complex. This observation has two explanations. The first is
that the inhibitor interacts transiently with the transposase to
increase its DNA binding activity (an unlikely explanation
given that Inh is an inhibitor of transposition). Alternatively,
the Tnp complex we detected may contain a multimer of Tnp,
and the Inh protein may form heteromultimers with Tnp which
bind to DNA and migrate to the same position as this Tnp
complex. The latter explanation predicts that Inh will be
physically associated with the retarded complex in reaction
mixtures containing Inh. To test this possibility, we scaled up
the binding reaction mixtures 20-fold, isolated retarded complexes in the nondenaturing gel and then separated the proteins from these complexes on a second, denaturing SDSpolyacrylamide gel. The second gel was then probed with
polyclonal antibodies to transposase which also react with Inh.
The MA56 Tnp protein was used in these experiments because
the MA56 mutation eliminates the synthesis of the inhibitor
protein by replacing its initiating methionine codon with one
for alanine, and this substitution has no observable effect on
the DNA binding or transposition activity of the transposase
(26, 27).
When Tnp alone was used in the reaction, there were two
species present in the retarded complex, full-length transposase and an N-terminal degradation product of Tnp, Tnpa(Fig. 5, lane 3). Lane 4 shows a control which represents an
analogous slice of the nondenaturing gel to show the amount
of Tnp migration to this position in the absence of specific OE
DNA. We know that Tnpoc is an N-terminal degradation
product of Tnp since an analogous degradation product appears upon overproduction of a variant of Tnp which lacks 26
carboxy-terminal amino acids. Also, deletions in the N terminus of transposase do not change the mobility of Tnpot and it
is absent in deletions of more than 30 amino acids (25). When
Inh was added to the binding reaction, it was associated with
Tnp in the bound complex at nearly stoichiometric levels (lane
5). Again, lane 6 shows the amount of Tnp and Inh migration
to this position in the gel in the absence of OE DNA. These
results demonstrate that full-length Tnp is associated with the
OE DNA and that when Inh is present in the binding reaction,
both proteins are associated with the OE.

DISCUSSION
We have developed procedures to purify both the Tnp and
Inh proteins of Tn5 and have characterized the DNA binding
properties of the purified proteins. The transposase was shown
to bind specifically to a DNA fragment containing the OE.
Also, the amount of DNA binding correlated with the amount
of Tnp in fractions from a heparin-agarose column, suggesting
that Tnp was required for this activity. Finally, we have shown
that full-length Tnp is specifically associated with OE DNA by
isolating retarded complexes formed with Tnp and analyzing
the proteins present in the retarded complex in a second
dimension. Recently, we have also demonstrated that Tnp
protects the 19 bp of the OE by using in situ gel footprinting
with Cu-phenanthroline (6, 27).
In contrast to Tnp, the purified Inh protein does not bind
specifically to the OE of Tn5. Inh is identical to Tnp except
that it lacks the N-terminal 55 amino acids. This suggests that
the N terminus of transposase is required for specific DNA
binding. The N terminus might actually contain all or part of
the DNA binding domain, although Tnp contains no recognizable DNA binding motif throughout its sequence. Alternatively, the N terminus might contribute to DNA binding
through a more indirect interaction, perhaps by allowing the
transposase to adopt a conformation different from that of the
inhibitor, which allows DNA binding. Future studies will be
undertaken to distinguish between these two possibilities.
Although Inh does not bind to OE DNA, we have shown
that it actually enhances the binding of Tnp preparations to
OE DNA when added to reaction mixtures containing a
limiting amount of Tnp. This ability to enhance the DNA
binding of Tnp fractionated with Inh through a heparinagarose column and an S-300 gel filtration column. The
mobility of the Tnp-OE complex did not change when Inh was
added to the reaction, which suggested that this complex
contained more than a monomer of Tnp and that Inh was
substituting for a protein in the complex.
When the proteins in the complex formed with Tnp only
were visualized, we found that Tnp and an N-terminal degradation product of Tnp, Tnpo, were associated with the OE
DNA. An N-terminal deletion analysis of the Tnp has demonstrated that Tnpo, which lacks 30 to 35 amino acids of Tnp, is
not able to bind to OE DNA (25). Therefore, Tnpcx must be
associated with Tnp on this complex through a protein-protein
interaction. When complexes from reaction mixtures containing both inhibitor and transposase were visualized, we found
that both proteins associated with the OE DNA in nearly
stoichiometric amounts. Again, since Inh cannot bind on its
own to the OE, it must be associated with Tnp as a multimer.
This provides direct evidence that Tnp and Inh interact with
each other to form mixed multimers. These multimers bind
specifically to the OE, but this complex probably reflects an
inhibitory interaction and not one which is capable of pairing
with another end and catalyzing the strand transfer reactions in
the next stage of the transposition reaction. In fact, an analysis
of two Tnp mutants with increased transposition activity has
shown that formation of the OE complex with these hyperactive Tnp proteins is diminished compared with the amount of
complex seen with the wild-type Tnp protein (26), further
suggesting that this complex is an inhibitory one. Evidence for
a Tnp-Inh interaction was also presented by Delong and
Syvanen (7) and by in vivo experiments of Biek and Roth (4).
The mechanism by which Inh enhances the OE binding of
Tnp preparations is not clear. The heteromultimers may have
a higher affinity for the OE than Tnp alone does. Alternatively,
Inh may disaggregate Tnp by forming heteromultimers which
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are free to bind DNA. This enhancement by Inh, however,
offers an explanation for the observation that fractions of Tnp
which contain larger amounts of Tnpot exhibit more DNA
binding activity than relatively pure Tnp fractions. Our data
suggest that the only Tnp-OE complex which we detected
contains heteromultimers of Tnp with either Tnpcx or Inh so
fractions containing these species would exhibit greater DNA
binding activity. The reason we have not detected a complex
with the OE which contains Tnp alone is unknown. One
possible explanation is that although the Tnp protein is
soluble, it is present in these purified fractions as soluble
aggregates which are unable to bind DNA. The active species
for binding to a single end may be a Tnp monomer, and this
species was not present to a significant extent in our preparations. We are presently examining this possibility.
The absence of DNA binding by Inh rules out the mechanism of competitive binding to the Tn5 ends by Inh to inhibit
transposition. There are two other mechanisms to explain the
mode of inhibition by Inh. In the first, Inh might compete with
transposase for some limiting host factor necessary for transposition. However, there is no evidence for or against such a
mechanism. In the second, the Inh would directly interact with
Tnp and inactivate it for transposition. All of the available data
are consistent with this second explanation. We have shown
that Inh is a dimer by using gel filtration and that it is able to
form mixed multimers with Tnp. When Tnp was examined by
gel filtration, it eluted continuously over a very broad range,
indicating that it might interact hydrophobically with the
column matrix (data not shown). When Triton X-100 was
included in the column buffer, Tnp eluted as a tetramer.
However, since Tnp may be associated with detergent micelles
under these conditions, we cannot draw any conclusions about
the multimeric state of Tnp. Hanley and Syvanen (cited in
reference 8) have also found that Tnp and Inh sediment
together as polydisperse multimers of 6 to 12 monomers in
glycerol gradients. Since a transposition event requires two
transposase binding sites in inverted orientation, it seems
reasonable that at least two transposase molecules will be
required to form a productive complex for transposition (1)
and that mixed Tnp-Inh multimers would probably be defective for transposition.
The mechanism of inhibition by Inh is a very efficient one.
Inh has lost the capacity to bind to OE DNA but retains the
ability to multimerize with itself and with Tnp. Formation of
Tnp-Inh multimers would effectively titrate out the active
transposase pool and since the Inh is present under steadystate conditions in the cell at a fourfold molar excess over Tnp
(14), very little free Tnp may be present in vivo. In addition, a
second level of inhibition is present. Tnp-Inh multimers are
still capable of binding to the ends of the transposon and would
effectively block the site of action of any free transposase in the
cell.
In the future, we would like to determine whether these
heteromultimers are dimeric or tetrameric and what the active
multimeric state of Tnp is. Since we have examined only the
characteristics of DNA binding of Tnp and Inh to one end, it
will be very interesting once an in vitro transposition assay
becomes available to see whether these Tnp-Inh complexes are
capable of forming a synaptic complex (two ends held together
in a protein-DNA complex) or whether transposition is
blocked at a later stage in the reaction, e.g., DNA cleavage or
strand transfer. Also, it will be of interest to determine whether
two Tnp-Inh complexes are required at both ends or whether
one is sufficient to block the transposition reaction.
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