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The major hot spot of transposon TnS insertion in plasmid pBR322 (hot spot I) is in the promoter for the
tetracycline resistance gene (tet). We made a series of pBR322 derivatives with mutations in and around this
promoter and assayed their effects on insertion of TnS into hot spot I. Those mutations which reduced
transcription from the tet promoter also reduced the frequency of insertion into hot spot I. Transcription and
translation of tet are thought to cause the formation of paired domains of negative and positive supercoiling in
pBR322. An amber codon in tet, 345 base pairs from hot spot I, decreases the negative supercoiling of the DNA
segment containing hot spot I because it terminates translation of tet prematurely. We report here that this
amber mutation also reduces insertion into hot spot I. These results suggest that the ability of Tn5 to insert into
its major hot spot in pBR322 depends directly on negative supercoiling of the target DNA.

The bacterial transposon TnS inserts into many sites
within a single gene but shows a preference for certain sites.
Five hot spots of TnS insertion were identified in the tet gene
of plasmid pBR322 (2, 16). Of 150 independent transposi-
tions to tet, 40 were in a single site, hot spot I, and 15 were
in a second site, hot spot II. The only obvious sequence
features common to TnS insertion hot spots are GC base
pairs at each end of the 9 base pairs (bp) duplicated by TnS
insertion. Mutation of these GC pairs to AT caused a sharp
reduction of insertion into hot spot I (15). However, there
are hundreds ofGC pairs spaced 9 bp apart which are not hot
spots, and therefore other features must also help guide Tn5
to its preferred insertion sites.
TnS insertion hot spots do not match any obvious consen-

sus sequence, either in the internal base pairs, which are
equivalent to the 6-bp consensus sequence for TnJO (9), or in
the flanking sequences, such as those for IS4 (12); nor are
there known protein binding sites adjacent to the hot spots
equivalent to integration host factor binding sites found
adjacent to an IS] hot spot (8). Possibly, TnS prefers to
insert into transcriptionally active DNA or into DNA with a
particular topology.
The 9 bp duplicated by TnS insertion at hot spot I includes

the -10 region of the tet promoter (Ptet) and the transcription
start site for the divergent antitet promoter (Pantitet) (for a
review, see reference 1) (Fig. 1). To determine whether the
activities of these promoters affect TnS insertion into hot
spot I, a series of deletion and insertion mutations in and
near the promoters were made and the effects of these
mutations on TnS insertion into hot spot I were assessed.
The results presented here suggest that transcription or
coupled transcription and translation from the tet promoter
is important in hot spot I selection.

Negative supercoiling of the target DNA is needed for
efficient TnS transposition (10), which implies that Tn5
insertion specificity is affected by DNA superhelical density.
Findings that pBR322 and many of its derivatives are highly
negatively supercoiled in cells lacking topoisomerase I led to
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a model in which the superhelical density along a single
DNA molecule is not uniform because paired domains of
negative and positive supercoiling are transiently created by
transcription (13, 22, 25). Furthermore, translation of the
membrane protein encoded by tet, in the case of pBR322,
helps maintain these paired domains by impeding the equil-
ibration of supercoils by preventing free rotation of the DNA
(14). Hot spot I is in the proposed negatively supercoiled
domain (13). An amber codon in tet, 345 bp distal to hot spot
I, eliminates hypernegative supercoiling because it stops
translation of the TetA protein (14). The results presented
here show that this amber mutation reduced insertion of TnS
into hot spot I and suggest that the preference for hot spot I
reflects, in part, its inclusion in this negatively supercoiled
domain.

MATERIALS AND METHODS
Strains. The bacterial strains used are derivatives of

Escherichia coli K-12. DB1572 (15) is lacZ124::TnS and
sup'. MC1061 (5) is sup' and was obtained from Henry
Huang.

General procedures. Standard techniques were used for
bacterial transformation, plasmid isolation, and restriction
mapping (18). Expression of tet was crudely measured on the
basis of plating efficiency and colony size on LN agar plates
(15) containing 12.5 jig of tetracycline. DNA sequencing was
performed by using either the Maxam-Gilbert (19) or dide-
oxy (23) method as modified for double-stranded DNA (26).
Oligonucleotides were made on an Applied Biosystems
model 380A DNA synthesizer.

Construction of mutant plasmids. pBR322 derivatives were
constructed in vitro. Schematic diagrams and the details of
the construction for most of these derivatives are shown in
Fig. 2. Plasmid pBX has an in-frame amber (UAG) codon
345 bp from hot spot I, due to insertion of an XbaI linker
(CTCTAGAG) in the filled-in BamHI site of pBR322, which
also recreates the BamHI site.

Isolation and mapping of TnS insertions. Independent TnS
transpositions from a chromosomal lacZ gene to the tet gene
in pBR322 derivatives were obtained as described previously
(15). Insertions of TnS in the tet gene (Kanr Tets phenotype)
were first mapped by digestion with restriction enzymes
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FIG. 1. Sequence around hot spot I in pBR322. The pBR322 sequence from the EcoRI site at bp 0 to bp 80 is shown (24). Hot spot I (bp
31 to 39) and hot spot II (bp 72 to 80) are represented with larger letters. The tet and antitet promoters are shown (4). The -35 and -10 regions
of Ptet are designated with overbars, and tet transcription starts at the G at bp 45. The -35 and -10 regions of Pantite, are underscored, and
antitet transcription begins at either of two T's at bp 36 and 37. The EcoRI and HindIll sites are indicated by the bars between the DNA
strands.

EcoRI (which cleaves once in pBR322, 33 bp from hot spot
I) and XhoI (which cleaves 486 bp from the ends of TnS) and
by agarose gel electrophoresis. Inserts at or near hot spot I
were identified on the basis of a characteristic -525-bp band
on an agarose gel and were then analyzed with single-base-
pair resolution by end labeling the plasmid DNA at either the
ClaI or EcoRI site, subcutting with Hinfl (which cleaves 5 bp
from the ends of TnS), and polyacrylamide-urea gel electro-
phoresis.
Tn5 transpositions from bacteriophage A to pBR322 and

pBX were obtained by infecting MC1061 carrying the plas-
mid with X c1857 b221 Oam29 Pam8O rex::TnS (21) at a
multiplicity of infection of 4 bacteriophages per cell. The
cells were grown for 3 h at 37°C after infection and spread on
LN agar plates containing 60 jig of kanamycin per ml. After
overnight growth, each plate was scraped, plasmid DNA
was isolated and transformed into MC1061, and Ampr Kanr
transformants were selected. Plasmid DNA was isolated,
and insertions within the 375-bp EcoRI-BamHI fragment
(which contains hot spots I and II) were identified by
cleavage with EcoRI and BamHI and agarose gel electro-
phoresis. Tn5 inserts in hot spots I and II were then
identified by using EcoRI and XhoI digestions and end-
labeled EcoRI-Hinfl fragments as described above. To en-
sure independence, only one plasmid with an insertion in the
EcoRI-BamHI fragment was examined from each plate.

RESULTS
Hot spot I is recognized in another plasmid. To determine

whether the use of hot spot I depends on a particular overall
arrangement of plasmid sequences, we mapped TnS inser-
tions in pACYC184 (6), a plasmid which has the same tet
gene as pBR322 and which is also hypernegatively super-
coiled in topA strains (14) but is otherwise unrelated. Six of
35 Tets pACYC184::TnS plasmids contained TnS at hot spot
I; the others contained Tn5 at many other sites. This
suggests that hot spot I use is determined by sequences
within the tet gene or its promoter.

Importance of sequences within the 9 bp duplicated by
insertion. The internal 7 bp of the 9-bp target duplications
differ among hot spots (2), and we tested whether these
sequences contributed to insertion into hot spot I by replac-
ing the central 7 bp of hot spot I with the corresponding 7 bp
from hot spot II (plactet-3 and plactet-4) in each orientation.
These substitutions eliminated tet promoter function, and so
a lac promoter was added in the EcoRI site to restore
transcription of tet and thereby allow tet::Tn5 inserts to be
identified on the basis of a Tets phenotype. These plasmids
expressed tet at levels similar to those expressed by pBR322.

We found that TnS did not insert into either hybrid hot spot
(Fig. 3). Thus, the use of hot spot I depends on sequences
within the 9 bp duplicated by TnS insertion.

Mutations 5' to the tet promoter. The plasmids ptet-1 and
pEX have sequence changes immediately adjacent to and 11
bp 5' to the tet promoter, respectively, which did not affect
tet expression and did not affect insertion into hot spot I
(Fig. 3). Plasmids plactet-1 and placE were derived from
ptet-1 and pEX, respectively, by insertion of a lac promoter
5' to tet, and tests with these plasmids showed that tran-
scription through hot spot I had little, if any, effect (less than
twofold) on insertion into hot spot I (Fig. 3). Therefore,
sequence changes which do not affect the tet promoter did
not have large effects on insertion into hot spot I.

Mutations in the tet promoter. Deletion of all (placEH) or
part (plactet-2) of the -35 region of the tet promoter or an
increase in the spacing between the -35 and the -10 regions
(placHX) reduced the activity of the tet promoter, but tet
expression was restored to near normal levels in placEH and
placHX by addition of a lac promoter. tet expression was
reduced in plactet-2 even though the same lac promoter was
used. The frequency of insertions into hot spot I relative to
all insertions in tet, was reduced at least fivefold by these
sequence changes (Fig. 3). These data show that mutations
that affected Ptet also affected insertion into hot spot I.

Mutations in Pantite, To determine whether the antitet
promoter (Fig. 1) was important for insertion into hot spot I,
two plasmids with sequence changes 3' to hot spot I were
tested. Plasmid pl(39) has a 13-bp insertion between the tet
and antitet promoters that should change the start site of
transcription from both promoters, and pI(39-49) has a
substitution that removes the -10 region of Pantitet and alters
the start site of tet transcription. These changes caused a
small, if any, effect (less than twofold) on the frequencies of
insertion into hot spot I (Fig. 3). Thus, transcription from
Pantitet is not likely to be a major factor in Tn5 insertion into
hot spot I.
A second copy of hot spot I. Plasmid pI(39)-HSI contains a

second copy of hot spot I at the end of the inserted sequence
in pl(39). The tet promoter is intact in this plasmid and
overlaps the first copy of hot spot I (as in wild-type pBR322);
the second copy is not part of a promoter. TnS inserted
efficiently into both copies of hot spot I (Fig. 3), showing that
hot spot I can function well even if it is not part of a
promoter.

Effects of a small distant mutation which affects DNA
supercoiling. Plasmid pBX (14) (Fig. 4) has an amber codon
inserted into the BamHI site of pBR322, 345 bp from hot
spot I. TnS insertion specificity in this amber-mutant plasmid
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FIG. 2. Diagram of mutant plasmids. The pBR322 sequence extending from the EcoRI site to position 70, which includes hot spot I, P,e,,
and Panui:er' is shown schematically. E, EcoRI (bp 4361); H, HindIll (bp 29); X, XhoI; Plac, 95-bp AluI fragment containing the lacUVS
promoter (3); insert, 5'ATTGGAGGTACCC; XXXXX, 5'TGCCTGA or 5'TCAGGCA. The -35 and -10 regions of the tet and antitet
promoters are represented as boxes. Hot spot I is part of the -10 region of Ptet. plactet-3 and plactet-4 have a lac promoter inserted in the
EcoRI site, and the internal 7 bp of hot spot I (pBR322 positions 32 to 38) is replaced with the sequences 5'TGCCTGA and 5'TCAGGCA,
respectively (internal base pair of hot spot II, both orientations made by oligomutagenesis, as in reference 17). pEX was made by inserting
an XhoI linker (CCTCGAGG) into the filled-in EcoRI site of pBR322. placE was made by insertion of the lac promoter into the EcoRI site
of pBR322. ptet-1 has a deletion between the EcoRI site and bp 9 of pBR322 and was created by Bal 31 digestion followed by insertion of an
XhoI linker. plactet-1 has a lac promoter inserted between the EcoRI and XhoI sites of ptet-1. plactet-2 has a deletion created by Bal 31
digestion between the EcoRI site and bp 11 of pBR322, combined with insertion of a lac promoter. placHX has an XhoI linker inserted into
the filled-in HindIll site of placE. placEH has a lac promoter inserted between the EcoRI and HindlIl sites of pBR322. pl(39) has an insertion
of 13 bp (5' ATTGGAGGTACCC) between bp 39 and bp 40 of pBR322 and was created by a combination of Bal 31 digestion and
oligonucleotide mutagenesis. pl(39-49) has the same sequence inserted as pl(39), but between bp 39 and bp 49. pI(39)-HSI has an insertion
of 5'AATTGGAGGTCACCAGCTTTAAG, which contains a copy of hot spot I, between bp 39 and 40 and was made by oligonucleotide
mutagenesis.
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FIG. 3. Frequency of Tn5 insertion into hot spot I of pBR322
derivatives. Each bar is labeled with the name of the plasmid
(below) and the number of insertions into hot spot I relative to the
total number of tet::Tn5 isolates (above). The bar height represents
this fraction as a percent. There are two copies of hot spot I in
pI(39)-HSI, and they are reported as copy 1 (copy which is in normal
position relative to the tet promoter) and copy 2 (inserted copy
which is not part of the tet promoter).

was analyzed by using transposition from X in the sup' strain
MC1061, because DB1572, the host for other transpositions,
contains an amber suppressor. Because the amber mutation
makes pBX Tets, restriction mapping was used to identify
TnS inserts in the 375-bp EcoRI-BamHI fragment. None of
21 inserts into this fragment of pBX was at hot spot I,
whereas 10 of 22 inserts into the corresponding EcoRI-
BamHI fragment were at hot spot I of the pBR322 wild-type
control. Thus, a small insertion, 345 bp distal to hot spot I,
which affects plasmid supercoiling also prevents insertion
into hot spot I.

DISCUSSION
The broad distribution of TnS insertion sites and the

absence of a strong consensus sequence, even among inser-
tion hot spots (2, 16), indicate that target specificity is
complex and probably affected by several features of target
DNAs. On the basis of the present results, we propose that
local high negative supercoiling of target DNA contributes
strongly to Tn5 insertion into hot spot I, the most preferred
site in plasmid pBR322. The most compelling evidence is
that an amber mutation in tet, which affects plasmid super-
coiling, also dramatically reduced insertion into hot spot I.
Recent studies with cells lacking DNA topoisomerase I

and with cells treated with gyrase inhibitors have indicated
that transcription and translation of the tet gene creates
paired domains of positive and negative supercoiling in
plasmid pBR322 (13, 14, 22, 25). Although these domains of
supercoiling have not been physically mapped, they are
thought to exist also in wild-type cells because very strong
transcription alters plasmid supercoiling (7) and the super-
coiling-induced transition of the DNA from the B to the Z
form DNA in vivo depends on where in the plasmid the
Z-forming DNA segment is located (11). Hot spot I is in the
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FIG. 4. Tn5 insertion into hot spots I and II of pBR322 and pBX.
(a) Schematic representation of plasmids pBR322 and pBX. The
EcoRI-to-BamHI region of pBR322 is shown. The positions of hot
spots I and II are indicated with boxes. pBX contains an insertion of
an 8-bp sequence (XbaI linker) which recreates the BamHI site and
contains an amber codon which is in frame for the tet gene. (b)
Frequency of Tn5 insertion into hot spots I and II of pBR322 and
pBX. Each bar is labeled with the name of the plasmid (below) and
the number of tet::Tn5 insertions into the hot spot relative to the
number of insertions into the EcoRI-BamHI fragment (above). The
bar height represents this fraction as a percent.

plasmid segment of pBR322 that these experiments suggest
is highly negatively supercoiled.
The clearest evidence for a causal relationship between

highly negative supercoiling and insertion into hot spot I is
shown by tests with plasmid pBX. Its tet amber mutation
reduced the normal highly negative supercoiling of pBR322
in cells lacking DNA topoisomerase I (14), and the present
experiments showed that this amber mutation also blocked
TnS insertion into hot spot I, even though it is more than 300
bp from hot spot I. Furthermore, TnS insertion is reduced in
cells which have been treated with gyrase inhibitors, sug-
gesting that TnS requires a negatively supercoiled target (10).
Finally, mutations that decreased transcription from the tet
promoter and decreased insertion into hot spot I also re-
duced negative supercoiling in cells lacking DNA topoisom-
erase I (J. K. Lodge, Ph.D. thesis, Washington University,
St. Louis, Mo., 1989).
The 9-bp segment duplicated by insertion at hot spot I

includes the -10 region of the tet promoter (4). Mutations
which decreased expression from the tet promoter (including
substitutions consisting of the central 7 bp of hot spot II) also
decreased insertion into hot spot I, suggesting that insertion
into hot spot I may depend on use of this site as a -10
promoter region. However, when a second copy of hot spot
I was present a short distance from the intact tet promoter
but was not part of the promoter, this second copy was also
recognized as a hot spot. These results indicate that although
transcription from tet is important, the targeted site need not
overlap a promoter for it to be used preferentially.
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High negative supercoiling is only one of several factors
contributing to TnS insertion specificity. Tests with base
substitutions at each end of hot spot I showed that the GC
pairs at these positions are also important for Tn5 insertion
at that hot spot and that their importance does not stem from
an effect on plasmid superhelical density (15). Additionally,
placement of a lac promoter upstream from the tet promoter
reduced insertion into hot spot I by about twofold. Tran-
scription through hot spot I might disrupt the transposition
complex or perturb the high negative supercoiling at hot spot
I. In contrast, hot spot II, which is 41 bp downstream from
hot spot I, is normally transcribed from the tet promoter, and
separate studies have suggested that insertion into certain
other preferred regions actually depends on their being
transcribed from an upstream promoter (20). Finally, inser-
tion into hot spot II was not affected by the amber mutation
in plasmid pBX. This implies that the use of hot spot II,

unlike the use of hot spot I, does not depend on high negative
supercoiling.

In summary, the specificity of TnS insertion appears to be
quite complex. Several determinants, including DNA super-
coiling, GC pairs at the ends of preferred sites, and probably
other aspects of the DNA sequence as well, contribute
quantitatively to insertion into various preferred sites. The
particular features used at one site differ from those used at
other sites, and the tens or hundreds of sites in any typical
gene that are used at lower frequencies may also be part of
this continuum, reflecting positions where the constellation
of potentiating features is less optimal. For very frequent
insertion into hot spot I, high negative supercoiling may
facilitate local DNA melting, which in turn might increase
recognition or cleavage of target sequences during transpo-
sition.
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