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ABSTRACT The bacterial transposon Tn7 encodes two
distinct but overlapping transposition pathways. tnsABC +
tnsD promote transposition to a specific site, attTn7, while
tnsABC + tnsE promote transposition to many other sites
unrelated to attTn7. We have identified a tnsD-dependent DNA
binding activity that specifically recognizes attTn7. We have
localized the recognition sequences for this activity to a
28-base-pair region and have shown that this same region can
provide specific properties of an attTn7 target in vivo. Inter-
estingly, these sequences are positioned more than 25 base pairs
from the specific point of Tn7 insertion.

The transposon Tn7 inserts at high frequency into a specific
site in the genomes of many different bacteria (1). In
Escherichia coli this site, called attTn7, is located at minute
84 ofthe chromosome (2-4). The actual point ofTn7 insertion
lies within the transcriptional terminator ofgimS (5, 6), a gene
involved in cell wall biosynthesis. Insertions at this site are
orientation specific such that the right end of Tn7 is adjacent
to the carboxyl terminus of gimS (ref. 3; Fig. 1). Tn7
transposition is accompanied by a 5-base-pair (bp) duplica-
tion of target sequences at the point of insertion (5, 7, 8). We
designate the central base pair of this duplicated sequence 0;
sequences toward gimS are given a plus (+) value and
sequences away from gimS are given a minus (-) value (Fig.
1). Results of experiments performed in vivo suggest that the
sequences required for Tn7 transposition lie to the gimS side
of the point of insertion and are within the region attTn7 (+7
to +64) (6). These studies revealed two interesting features of
the attTn7 target: (i) the nucleotide sequence at the point of
insertion can be altered with no apparent effect on the
efficiency or specificity of transposition, and (ii) some
essential nucleotides are distant from the point of Tn7
insertion and lie within the gimS coding frame (8).
Tn7 encodes five transposition genes (tnsABCDE) that

mediate transposition via two pathways that differ in their
choice of target site (9, 10). Both pathways share a require-
ment for tnsA, tnsB, and tnsC. One of these genes, tnsB,
encodes a specific DNA-binding protein that recognizes
sequences within the ends of Tn7 (ref. 11; R. McKown, L.
Arciszewska, and N.L.C., unpublished data). The functions
of the tnsA and tnsC gene products are not yet known. In one
Tn7pathway, tnsABC + tnsD promote transposition to target
sites of a related sequence. These sites include attTn7, to
which Tn7 transposes at high frequency, and pseudo-attTn7
sites, to which Tn7 transposes at low frequency (K. Kubo and
N.L.C., unpublished data). Pseudo-attfn7 sites are specific
chromosomal targets that display significant homology to
attTn7 in the region from positions +28 to +60 (K. Kubo and
N.L.C., unpublished data). In the second transposition
pathway, tnsABC + tnsE promote low frequency Tn7 trans-
position to many different sites that bear no obvious rela-

tionship to attTn7 (ref. 7; K. Kubo and N.L.C., unpublished
data). Based on the pathway-specific requirement for tnsD
and tnsE, we proposed that the proteins encoded by these
genes have direct roles in Tn7 target selection (10).
We report here the identification ofa tnsD-dependentDNA

binding activity that specifically recognizes attTn7 se-
quences. This finding provides biochemical support for our
model of Tn7 transposition and further refines our under-
standing of attTn7.

MATERIALS AND METHODS
Bacteria and Plasmids. LB and broth were as described by

Miller (12) except that glucosamine at 1 mg/ml was added to
agar. Trimethoprim selection was on Iso-Sensitest agar
(Oxoid, Basingstoke, U.K.). Antibiotics were carbenicillin,
kanamycin, and trimethoprim at 100 tug/ml and tetracycline
at 20 ,ug/ml. NLC51 is E. coli F- araD139 A(argF-lac)UJ69
rpsL150 relAl flbB5301 deoCl ptsF25 rbsR valR recA56 (11).
LA3 is NLC51 attTn7::Tn7 (11). pCW4 contains tnsABCDE
and pCW4::miniMufl72 carries an insertion mutation that
disrupts tnsD (10). pCW23 and pCW25 contain tnsD in
opposite orientations with respect to Plac in pUC18 (10). In
pCW23, the 5' end of tnsD is adjacent to Plac. pKAO4-3
contains att~n7 (-25 to +64) (8). pEG61 contains att~n7
(-52 to +64) and pEG61/1-1 has a C'G to T'A point mutation
at nucleotide position attTn7 (+37) (6). pCW80 and pCW85
contain attTn7 (+28 to +55). The synthetic oligodeoxynu-
cleotide

+30 +40 +50

5'-AACCGTAACCGATTTTGCCAGGTTACG
GCATTGGCTAAAACGGTCCAATGCTTAA-5'

(Biomolecular Resource Center, University of California, San
Francisco) underwent reaction with Klenow fragment in the
presence of dGTP and TTP to repair the 3-bp overhang and
was inserted into Sma I/EcoRI-digested pUC18 (pCW80). The
attTn7 sequence was verified by DNA sequencing. The
HindIII/EcoRI fragment from pCW80 containing attTn7 was
inserted into HindIII/EcoRI-digested pUC19 (pCW85).
pCW77 contains attTn7 (+32 to +55) and was obtained by
insertion of the synthetic oligodeoxynucleotide

+40 +50

5'-CCGGCGTAACCGATTTTGCCAGGTTACG
GCATTGGCTAAAACGGTCCAATGCTTAA-5'

(Biomolecular Resource Center) into Xma I/EcoRI-digested
pUC19. The attTn7 sequence was verified by DNA sequenc-
ing.
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EATAATGAGTTGGCATTGGCTAAAACGGTCCAATGCGCCGACCAG* *E-

FIG. 1. attTn7. The nucleotide sequence ofthe att~n7 region is shown and is numbered as described in the text. The 5-bp sequence duplicated
upon Tn7 insertion (shaded box) and the carboxyl terminus of gimS (large box) are indicated. Horizontal arrows indicate the perfect inverted
repeat sequence in attTn7 (+32 to +55). *, Nucleotide position +37. attTn7 (+46 to +50) is a recognition sequence for the dcm methylase. Tn7
(upper box) inserts into attTn7 so that the left (Tn7L) and right (Tn7R) ends are oriented as shown.

Manipulation and Analysis of DNA. Plasmid growth, iso-
lation, restriction enzyme analysis, and transformation were
performed as described by Maniatis et al. (13). Recombinant
molecules were made by standard cloning techniques, except
that vector DNAs were contained in slices from low-
melting-point agarose gels (Sea Plaque; FMC) as described
by Struhl (14). DNA-modifying enzymes were obtained from
commercial sources and used as recommended by the man-
ufacturer. DNA fragments used in the binding assay were
generated by digestion of plasmids with appropriate restric-
tion enzymes, purified by separation in a nondenaturing
polyacrylamide gel and elution from a gel slice, and 5'-
end-labeled with deoxynucleoside 5'-[a-32P]triphosphate and
the Klenow fragment ofDNA polymerase I. The oligodeoxy-
nucleotide was 5'-end-labeled directly as described above.
DNA Fragments Used in Binding Assays. Fragments con-

taining the following sequences were tested: pUC18 (141), the
141-bp pUC18 Pvu II/EcoRI fragment; attTn7 (-52 to +64),
the 143-bp pEG61 Sst I/Sal I fragment; +37 point mutation
in attTn7 (-52 to +64), the 143-bp pEG61/1-1 Sst I/Sal I
fragment; att~n7 (-25 to +64), the 135-bp pKAO4-3 EcoRI
fragment; att~n7 (+28 to +55), the 63-bp pCW80 HindIII/
EcoRI fragment; att~n7 (+32 to +55), the 62-bp pCW77
HindIII/EcoRI fragment; attTn7 (+10 to +64) is a synthetic
55-bp oligodeoxynucleotide (6).

Preparation of Cell Extracts. Extracts were prepared from
NLC51 and plasmid-containing derivatives of NLC51. Cul-
tures were grown to an OD6w of 0.8 in LB broth with
appropriate antibiotic at 37°C, harvested by centrifugation,
washed, and resuspended (2 ml per g of cells) in a lysis buffer
of 50mM Tris HCl, pH 8.0/100mM KCl/1 mM EDTA/2mM
dithiothreitol/10% (vol/vol) glycerol. Cells were lysed by
sonication and cell debris was removed by centrifugation at
48,400 x g for 15 min at 4°C. The resulting supernatant was
dialyzed against lysis buffer overnight at 4°C and used
directly or stored at -80°C. Preparations yielded -20 mg of
total protein per ml, determined as described by Bradford
(15) using bovine serum albumin as a standard.
DNA Binding Assays. Reaction mixtures (20 ,ul) contained

48 mM Tris HCl (pH 8.0), 95 mM KCl, 1 mM EDTA, 1.9 mM
dithiothreitol, 9.5% (vol/vol) glycerol, 0.1-0.5 ng of end-
labeled DNA fragment, and 1 1.d of crude extract unless
otherwise noted. Reaction mixtures were incubated at 23°C
for 10 min. Some reactions, noted in figure legends, also
contained poly(dI-dC)-poly(dI-dC) (Pharmacia) to prevent
nonspecific binding (16). These reaction mixtures, minus
end-labeled DNA, were preincubated at 23°C for 10 min
followed by a 10-min 23°C incubation upon the addition of
end-labeled DNA. All fragments were tested with and with-
out poly(dI-dC)-poly(dI-dC) and the same specific bands of
retarded mobility were observed. However, the amount of
protein-bound DNA relative to free DNA was greater when
poly(dI-dC)-poly(dI-dC) was omitted. We also observed that

the proportion offree versus bound DNA varied between lots
of poly(dI-dC)-poly(dI-dC). All reaction mixtures were loaded
onto gels containing 7.5% acrylamide, 0.2% N,N'-meth-
ylenebisacrylamide and were electrophoresed in Tris borate
buffer for 3 hr at 10 V/cm. Gels were dried under vacuum and
autoradiographed.
A Hop Assays. att~n7 target activity was evaluated using a

Tn7 A hop assay (8) with sodium citrate omitted from the
protocol. Briefly, att~n7-containing plasmids to be assayed
were introduced into the Tn7-containing strain LA3. The
chromosomal Tn7 supplies the Tn7-encoded transposition
proteins. The Tn7-end derivative, mini-Tn7Km, contains
Tn7's essential cis-acting transposition sequences and trans-
poses from an integration- and replication-defective A deriv-
ative upon infection into the cells. The A donor phage was
KK1 [A 780 hisG9424::TnJO dell6 deli7::attTn7 (-342 to
+ 165): :Tn7LJ66-kanamycin resistance-Tn7R199] (8).
Transposition products were selected on kanamycin-

trimethoprim plates and purified by repeated rounds of selec-
tive growth. The plasmid DNA was recovered by an alkaline
lysis "mini-prep" procedure, diluted, and transformed into
DH5, a derivative of DH1 cells (17), selecting for kanamycin
resistance. After purification of transformants, DNA was
isolated and analyzed by restriction enzyme digestion. Both
site and orientation of the mini-Tn7Km insertions were deter-
mined. pCW80 and pCW85 contain att~n7(+28 to +55) within
a polylinker sequence so that the spatially equivalent att~n7
(0) position lies within a unique Sph I restriction site. This
facilitated accurate mapping of mini-Tn7 insertions within the
polylinker to a resolution of 6 bp.

RESULTS
The tnsD Gene Product Directs Specific Binding to attTn7

Sequences. Genetic analysis has shown that tnsD is required
to promote Tn7 transposition to atTn7 (9, 10). Using a
gel-retardation assay (18, 19), we have identified a tnsD-
dependent DNA binding activity that specifically recognizes
att~n7. Crude extracts derived from cells bearing the tnsD
plasmid pCW23 contain an activity that binds to and retards
the migration of an attTn7 (-25 to +64) fragment (complex
D in Fig. 2, lane 4). No such activity is observed in extracts
derived from cells lacking the tnsD plasmid (lane 3). Each of
these extracts contains a host activity that promotes forma-
tion of a complex of different retarded mobility (complex H
in Fig. 2, lanes 3 and 4). tnsD-dependent complex formation
is complete within 10 min and remains unchanged after
prolonged incubation (up to 90 min; data not shown). The
tnsD-dependent complex is not observed with boiled ex-
tracts, whereas the host-dependent complex is unaltered by
heat treatment (data not shown).
We examined the sequence specificity of the tnsD-

dependent binding activity in several ways. This activity does
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FIG. 2. tnsD-dependent binding to attTn7 (-25 to +64). End-
labeled DNA fragments reacted with crude extract and competitor
DNA as indicated below and as described in Materials and Methods.
After incubation, reaction mixtures were analyzed by gel electro-
phoresis and autoradiography. Arrows indicate free DNA (F),
host-dependent complex (H), and tnsD-dependent complex (D).
Labeled DNA: lane 1, Hinfl-digested pBR322 DNA standards, the
sizes of selected bands are shown in bp; lanes 2-4, 8, and 9, attTn7
(-25 to +64); lanes 5-7, pUC18 (141). Crude extract: lanes 2 and 5,
no extract; lanes 3 and 6, host (20 k&g of extract protein); lanes 4 and
7-9, pCW23 (5 ,ug ofpCW23 extract protein plus 15,ug of host extract
protein). Unlabeled competitor DNA: lane 8, 25 ng of unlabeled
attTn7 (+10 to +64); lane 9, 25 ng of unlabeled pUC18 (141).

not recognize a DNA fragment of similar length that lacks
attTn7 sequences (Fig. 2, lanes 5-7); no bands of retarded
mobility are observed. In addition, a large excess of an

unlabeled attTn7 fragment successfully competes with the
labeled attTn7fragment for the tnsD-dependent DNA binding
activity (lane 8), whereas the same amount of an unlabeled
pUC18 fragment has no effect on complex formation (lane 9).
We observe specific competition when extracts are preincu-
bated with unlabeled DNA (as shown) or when both labeled
and unlabeled DNAs are added to the reaction mixture
simultaneously (data not shown). Addition of NaDodSO4
(final concentration, 0.1%) to a reaction mixture disrupts
preformed complexes so that a retarded band of protein-
bound DNA is not observed (data not shown). These results
demonstrate that pCW23 extracts contain a tnsD-dependent
DNA binding activity that specifically recognizes attTn7 and
that sequence recognition by this activity results in a non-

covalent protein-DNA interaction.
Do other tns-encoded proteins affect or alter the tnsD-

dependent attTn7 complex? A single tns-dependent band of
retarded mobility is observed when extracts from cells
containing the multicopy tnsABCDE plasmid pCW4 (com-
plex D in Fig. 3, lane 3) are assayed. This complex has the
same mobility as the tnsD-dependent complex (lane 6).
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FIG. 3. Binding analyses of different tns extracts. Reaction
mixtures containing crude extract protein as indicated below and
end-labeled att~n7 (-25 to +64) were analyzed as described in Fig.
2. Arrows indicate free DNA (F), host-dependent complex (H), and
tnsD-dependent complex (D). Dashes indicate the same size markers
as in Fig. 2. Lanes: 1, no extract; 2, host (20 pg); 3, pCW4 (20 ,ug);
4, pCW4::miniMufI72 (20 pig); 5, pCW25 (20 ,ug); 6, pCW23 (0.8 ,ug
of pCW23 extract protein plus 19.2 Ag of host extract protein); 7,
pCW23 (4 jig of pCW23 extract protein plus 16 jxg of host extract
protein); 8, pCW23 (20 pug); 9, DNA standards.

Moreover, extracts from pCW4 derivatives in which the tnsD
gene is disrupted have lost the attTn7 specific DNA binding
activity (lane 4). Thus, we have no evidence suggesting that
another tns-dependent protein binds the attTn7 fragment. We
have also examined the attTn7 binding properties of extracts
from cells containing a single chromosomal copy of Tn7.
Such Tn7 extracts do contain the host-encoded DNA binding
activity but tnsD-dependent complex formation with the
attTn7 fragment is vastly reduced, if detectable at all (data not
shown). These results suggest that the amount of tnsD-
dependent binding activity present in Tn7 extracts is below
that required to detect activity in our gel assays.
pCW23 extracts contain at least 25-fold more attTn7

binding activity than do extracts derived from cells contain-
ing either pCW4 or a different tnsD plasmid, pCW25 (Fig. 3,
compare lanes 6-8 to lanes 3 and 5). In the pCW23 plasmid,
the tnsD gene is downstream of a strong vector promoter (see
Materials and Methods). This high level of binding activity
correlates with our in vivo transposition results. A mini-Tn7
element displays elevated levels of transposition to an attTn7-
containing plasmid when provided with pCW23 and a tnsABC
plasmid in trans (10). It is tempting to speculate that the
increased transposition frequency reflects an increased
amount of tnsD-dependent attTn7 binding activity.

In summary, we have identified an attTn7 binding activity
that is dependent on tnsD and neither requires nor is altered
by any other tns gene function. While pCW23 extracts are a
particularly rich source of this activity, it remains to be
rigorously determined whether or not the tnsD-encoded
protein is itself the DNA binding protein.

attTn7 (+28 to +55) Can Participate in tnsD-Dependent
Complex Formation. What sequences in attTn7 (-25 to +64)
are required for tnsD-dependent binding? We have previ-
ously shown that a plasmid containing attTn7 (+7 to +64) is
a target for high frequency site- and orientation-specific Tn7
transposition in vivo (6). An end-labeled synthetic oligonu-
cleotide of the sequence attTn7 (+10 to +64) is also an
efficient substrate for tnsD-dependent complex formation
when incubated with pCW23 extracts (complex D in Fig. 4A,
lane 4). Therefore, the sequences that direct tnsD-dependent
binding must lie within this 55-bp attTn7 segment. [We note
that in competition experiments described above, the attTn7
(+10 to +64) oligonucleotide served as the specific cold
competitor (see Fig. 2, lane 8).] Further evidence that
sequences within thig region contribute to attTn7 activity
comes from an in vivo analysis of mutant attTn7 fragments
(6). A CG to TA transition at nucleotide position +37
reduces Tn7 transposition to attTn7 by a factor of -100. This
mutation also affects tnsD-dependent complex formatibn. An
attTn7 DNA fragment containing the +37 point mutation
required -5-fold more pCW23 extract to detect complex
formation than did a fragment of the wild-type attTn7
sequence (complex D in Fig. 4B, compare lanes 6 and 7 to
lane 3). This suggests that the nucleotide change at position
+37 alters the affinity of the DNA binding activity to the
mutant attTn7. Point mutations at positions +2 and +13 had
no effect on complex formation in vitro (data not shown) or
on attTn7 target activity in vivo (6).
To further localize the DNA recognition sequences, we

examined the activity of smaller attTn7 segments in the gel
retardation assay. A DNA fragment containing a 28-bp
segment, attTn7 (+28 to +55), did promote tnsD-dependent
complex formation when reacted with pCW23 extracts (com-
plex D in Fig. 4A, lane 7). The attTn7 (+28 to +55) fragment
displayed the same relative mobility shift between free and
bound DNA (retardation equivalent to a size increase of -375
bp of DNA) as did the attTn7 (-25 to +64) fragment and the
attTn7 (+10 to +64) oligonucleotide. Note that the host-
dependent complex observed with larger attTn7 fragments is
not detectable with the attTn7 (+28 to +55) fragment (com-
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FIG. 4. Binding analyses of different att~n7 segments. Reaction
mixtures containing crude extract protein and end-labeled attTn7
fragments as indicated below were analyzed as described in Fig. 2.
Arrows indicate free DNA (F), host-dependent complexes (H and
H*), and tnsD-dependent complexes (D and D*). Dashes indicate the
same size markers as in Fig. 2. (A) Lanes: 1, DNA standards; 2-4,
attTn7 (+10 to +64); 5-7, att~n7 (+28 to +55); 8-10, att~n7 (+32 to
+55); with no extract, host extract (20 ,ug), and tnsD extract (20,ug),
respectively. The host-dependent complex H* (lanes 3 and 6) is not
observed with larger attTn7 fragments. The presence and amount of
the H* complex varies substantially between reactions (data not
shown) and the significance of this complex is not clear. (B) All
reactions include poly(dI-dC)-poly(dI-dC). Lanes: 1-3, attTn7 (-52
to +64) with no extract, host extract (20 ,ug), and tnsD extract (20
,ug), respectively; 4-7, +37 mutation in attTn7 (-52 to +64) with no
extract, host extract (20 .g), tnsD extract (20 ,ug), and tnsD extract
(100,g), respectively; 8, DNA standards. A second tnsD-dependent
complex is seen in these reactions (complex D*; lanes 3 and 7). A
similar D* complex is occasionally observed in reactions with attTn7
(-25 to +64) (data not shown). This complex may contain both the
tnsD- and the host-dependent binding activities.

pare complex H in Fig. 4A, lane 6 to lane 3 and to Fig. 2, lane
3). Analysis of other attTn7 fragments suggests that removal
of nucleotides between positions +10 and +27 destroys this
apparent host protein binding site (data not shown).

Inspection of the nucleotide sequence of attTn7 (+28 to
+55) reveals a large region ofdyad symmetry extending from
position +32 to position +55 (see Fig. 1). Because many
DNA binding proteins utilize inverted repeat sequences as
recognition sites (20), we asked whether this region is
sufficient for tnsD-dependent binding. When an end-labeled
DNA fragment containing the inverted repeat sequence
attTn7 (+32 to +55) was incubated with pCW23 extracts, no
discrete band of retarded mobility was observed (Fig. 4A,
lane 10). Increased amounts ofpCW23 extract (up to 20-fold)
also failed to produce detectable complex formation (data not
shown). Thus, this perfect inverted repeat is not, or is not the
sole component of, the tnsD-dependent recognition site, and
some nucleotides between positions +28 and +31 are essen-
tial for DNA binding.

attTn7 (+28 to +55) Is a Target for Tn7 Transposition in
Vivo. Are the sequences required for tnsD-dependent DNA
binding in vitro the same sequences required for attTn7 target
activity in vivo? Using the Tn7A hop assay (see Materials and
Methods), we evaluated the target activity of plasmids
containing attTn7 (+32 to +55) and attTn7 (+28 to +55). The

plasmid containing the binding-deficient attTn7 (+32 to +55)
segment has no apparent activity as a target for Tn7 trans-
position. Transposition in cells containing this plasmid oc-
curs at the same low frequency as in cells lacking an attTn7
plasmid (Table 1, lines 1 and 2). The rare transposition
products are likely insertions in the E. coli chromosome
because the mini-Tn7 element did not cosegregate with the
attTn7 plasmid (data not shown). By contrast, a plasmid
containing the binding-proficient attTn7 (+28 to +55) seg-
ment does act as a target for Tn7 transposition (Table 1, lines
3 and 4). Moreover, attTn7 (+28 to +55) encodes sufficient
information to direct site- and orientation-specific insertion
of the Tn7 element. Restriction enzyme analysis of 24 inde-
pendent transposition products revealed that all of the inser-
tions had occurred in the expected orientation with the right
end of the element nearest to attTn7 (+28) (data not shown).
Recall that Tn7 transposition results in a 5-bp target duplica-
tion with the central nucleotide of the duplication designated
attTn7 (0) (see Fig. 1). Twenty-one of the 24 transposition
products had inserted so that the central base pair ofthe target
duplication was located in the 6-bp region spatially equivalent
to attTn7 (O to +5) (data not shown). The resolution of our
mapping precludes comment on the fidelity of the exact
insertion point. A small degree ofwobble, as much as 3 bp, at
the point of insertion has been observed with larger attTn7
fragments (6, 8). Three of the 24 insertions occurred at
positions approximately equivalent to attTn7 (-18), (-55),
and (-128); the frequency of such events for wild-type attTn7
transposition has not been determined.
Although attTn7 (+28 to +55) confers the specificity

properties of an attTn7 target, it does not provide the high
activity level observed with larger attTn7 segments. Trans-
position to the attTn7 (+28 to +55) plasmids pCW80 and
pCW85 is 100-1000 times lower than to the attTn7 (-25 to
+64) plasmid pKAO4-3 (Table 1, compare lines 3 and 4 to line
5). Another indication that the 28-bp attTn7 does not confer
wild-type activity is its sensitivity to vector-encoded asym-
metries. The 6-fold difference in transposition frequency
between pCW80 and pCW85 correlates with the orientation
of attTn7 (+28 to +55) with respect to vector sequences.
Large attTn7 fragments, such as attTn7 (-25 to +64), are
insensitive to the orientation of vector sequences (6, 8).

In conclusion, the in vivo transposition results demonstrate
that attTn7 (+28 to +55) encodes sufficient information to
promote site- and orientation-specific Tn7 transposition. The
reduced transposition frequency suggests that attTn7 (+28 to
+55) contains most, but not all, of the information required
for high-frequency wild-type attTn7 target activity.

DISCUSSION
Genetic analysis has shown that Tn7 encodes two target-
specific genes, tnsD and tnsE; tnsD promotes transposition
to a specific chromosomal site, attWn7, and tnsE promotes
transposition to many unrelated sites (9, 10). Based on these

Table 1. Evaluation of attTn7 target activity
Transposition/PFU,

Plasmid att~n7 sequence mean ± SEM (n)
pUC18* 3.6 ± 3.6 x 1i7 (8)
pCW77 +32 to +55 8.3 ± 5.2 x 10-7 (7)
pCW80 +28 to +55 2.0 ± 1.5 x 10-5 (13)
pCW85 +28 to +55 1.2 ± 0.7 x 10-4 (8)
pKAO4-3 -25 to +64 2.2 ± 0.95 x 10-2 (8)
Tn7 A hop assays were performed in LA3 cells containing the

indicated plasmids. PFU, plaque-forming units.
*A similar transposition frequency (6.0 ± 0.7 x 10-7) is observed
when LA3 cells do not contain a plasmid (K. Kubo and N.L.C.,
unpublished data).
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data, we proposed a model for Tn7 transposition in which
TnsD and TnsE act as DNA binding proteins that interact
with Tn7 target sequences. As a first step in testing this
model, we have used a gel-retardation assay to identify a
Tn7-dependent DNA binding activity in crude extracts that
specifically recognizes attTn7. This binding activity is tnsD-
dependent and does not require any other tns gene function.
Our results provide biochemical evidence that the unique
requirement for tnsD in attTn7 transposition reflects a direct
role of TnsD in attTn7 sequence recognition. Our findings
suggest, but do not rigorously establish, that TnsD is itself the
active DNA binding protein in our assays.
We have localized the tnsD-dependent binding site and

have asked whether these same DNA sequences are suffi-
cient for attTn7 target activity. We observe a correlation
between tnsD-dependent attTn7 sequence recognition in
vitro and attTn7 target activity in vivo (see Fig. 1 for attTn7
organization). The tnsD-dependent binding activity recog-
nizes an attTn7 segment extending from position + 10 to
position +64; this segment provides wild-type transposition
activity. Moreover, the binding activity is sensitive to a
mutation at position +37, a nucleotide previously identified
as critical for attTn7 target activity. In addition, we have
shown that the DNA binding protein recognizes the 28-bp
attTn7 (+28 to +55) yet fails to bind the slightly smaller
attTn7 (+32 to +55). We conclude that nucleotides between
+28 and +31 are essential for attTn7 sequence recognition.
This interpretation is supported by the failure of the attTn7
(+32 to +55) plasmid to function as a Tn7 transposition target
in vivo and the ability of Tn7 to transpose to attTn7 (+28 to
+55) plasmids in a site- and orientation-specific manner. We
know from previous in vivo studies (8) that some nucleotides
between positions +39 and +64 are also essential for target
activity. Interestingly, a dcm methylation site is encoded in
this region so that the cytosines at positions +47 and +49 are
methylated in vivo. Because there is no detectable difference
in tnsD-dependent binding with a synthetic oligonucleotide
versus DNA recovered from cells, we conclude that meth-
ylation at these positions is not required for attTn7 recogni-
tion. It will be interesting to determine what role, if any, dem
methylation might have in the specificity and frequency of
attTn7 insertion in vivo.
Although the 28-bp attTn7 (+28 to +55) does provide

attTn7 target activity in vivo, the reduced transposition
frequency (down by a factor of 4100 from wild type) suggests
that some target information is lacking. Several possible
explanations can be considered. Required sequences may
include additional specific nucleotides to either side of the
+28 to +55 attTn7 region that contribute directly to the
tnsD-dependent recognition site. If this is the case, the effect
of such nucleotides on the protein-DNA interaction is not
detectable under the conditions of our gel assays. The
decreased transposition frequency may reflect the deletion of
a host protein binding site. We have observed that larger
attTn7 segments contain sequences recognized by a heat-
stable E. coli protein. The loss of this binding site correlates
with decreased target activity. Several transposons and
site-specific recombinases utilize small heat-stable host pro-
teins as accessory factors (21-25). To date, there is no genetic
evidence suggesting a role for host proteins in Tn7 transpo-
sition (1). Alternatively, nucleotides that are not part of a
protein recognition site may affect transposition. Such nu-
cleotides could, for example, contribute to the construction,
or stability, of a higher-order structure required for transpo-
sition or could affect the efficiency at which the DNA strands
are cleaved at the point of insertion.
These studies have confirmed and extended our earlier

view of attTn7: sequences essential for activity are distinct
and separate from the actual point of insertion. This feature

is one of several that distinguishes Tn7 site-specific transpo-
sition from other highly site- and orientation-specific mobile
elements that insert at their respective bacterial attachment
sites via a conservative site-specific recombination mecha-
nism. This latter mechanism has been elegantly determined in
the case of phage A (23, 25) and a similar mechanism has been
suggested for the Staphylococcus transposon Tn554 (26). The
bacterial attachment site of A is small and consists of
sequences immediately flanking both sides of the cross-over
point (27). A (23, 25) and Tn554 (28) each contain a shortDNA
segment found in both the element and the target sequence.
No such homology is observed between the ends of Tn7 and
its chromosomal insertion site (5, 7, 8). The displacement of
the tnsD-dependent recognition site relative to the point of
insertion suggests that the mechanism by which Tn7 is
directed to its specific insertion site may have features in
common with the type III restriction enzymes (29).

Note Added in Proof. In good agreement with our studies, Qadri et al.
(30) have localized one border of functional attTn7 to between
positions +54 and +58.
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