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IS150, a member of the widespread IS3 family, contains two consecutive out-of-phase open reading frames,
orfA and orfB, that partially overlap. These open reading frames encode three proteins, InsA, InsB, and the
InsAB protein, which is jointly encoded by both open reading frames by means of programmed translational
frameshifting. We demonstrate that the InsAB protein represents the IS150 element’s transposase. In vivo, the
wild-type IS150 element generates circular excision products and linear IS150 molecules. Circular and linear
species have previously been detected with mutant derivatives of other members of the IS3 family. Our finding
supports the assumption that these products represent true transposition intermediates of members of this
family. Analysis of the molecular nature of these two species suggested that the circular forms are precursors
of the linear molecules. Elimination of InsA synthesis within the otherwise intact element led to accumulation
of large amounts of the linear species, indicating that the primary role of InsA may be to prevent abortive
production of the linear species and to couple generation of these species to productive insertion events.

The 1,443-bp Escherichia coli transposable element IS150
(23) belongs to a large group of insertion sequences, the IS3
family, whose members have been found in more than 40
bacterial species (www-is.biotoul.fr/is/IS_infos/IS3_family.html).
These elements are related at the level of their gene products
and in addition share structural features, like the terminal
dinucleotides TG. . .CA and the typical arrangement of their
two long open reading frames, orfA and orfB, that utilize dif-
ferent translational reading frames and partially overlap (14).
In addition to their products InsA and InsB, a third protein,
InsAB, is jointly encoded by the two open reading frames of
IS150 by means of remarkably efficient programmed transla-
tional frameshifting to the �1 phase that occurs within the
region of the overlap (33) (Fig. 1A). If the classical concept of
a gene is applied, IS150 thus possesses three genes, insA, insB,
and the insAB gene. Synthesis of an equivalent InsAB trans-
frame product has also been observed for other members of
the IS3 family, and the sequence motif A6G/C could be defined
as the frameshifting window (IS911 [17], IS3 [25], and IS2
[11]). This mode of frame splicing (namely, synthesis of one or
two smaller proteins, each of which shares identity with the
larger protein) is likely to be a common strategy in the IS3
family. The deduced InsA amino acid sequences exhibit a
helix-turn-helix motif which is thought to recognize the termi-
nal inverted repeats of the element (20) and at the C termini a
leucine zipper motif which facilitates dimerization (9, 14).
Within the InsB moiety there is a conserved amino acid motif,
designated DDE or D,D35E, which has been shown to repre-
sent the catalytic site of the related integrases of retroviruses
(1). Other common features of members of the IS3 family
appear to be the potential to be excised as minicircles in which
the terminal inverted repeats are separated by a characteristic

number of base pairs of flanking sequences and the potential to
generate linear IS molecules. Both types of molecules were,
however, observed only in the absence of a functional InsA
protein.

In the case of IS150, synthesis of InsB is initiated at an AUG
start codon within orfA and thus also requires translational
frameshifting (33). While the InsAB protein turned out to
represent the transposase in the cases that have been studied
(IS2 [11], IS3 [25], and IS911 [17]), the in vivo role of the InsA
and InsB proteins is less clear.

Here we report that circular and linear IS150 molecules are
generated in vivo even from the wild-type element, further
supporting the assumption that they represent natural inter-
mediates in the transposition reaction. Molecular analysis of
the linear and circular species indicates that the circular mol-
ecules likely represent the precursors of the linear forms in the
transposition reaction. The lack of InsA led to a dispropor-
tionately large increase in formation of the linear species, while
the rate of transposition increased only slightly. Elimination of
synthesis of InsB resulted in no appreciable phenotype. We
concluded that InsAB represents the transposase and that
InsA may primarily function in coupling the formation of lin-
ear molecules to successive transposition.

MATERIALS AND METHODS

Plasmids and bacterial strains. The relevant features of plasmids and the
genotypes of strains are shown in Table 1. Plasmids were constructed by using
standard recombinant techniques (21), and their complete annotated sequences,
together with a short outline of their construction, can be retrieved from a
website (http://www-rak.biologie.uni-freiburg.de/supplements/IS150-1.htm).

All of the bacterial strains used are derivatives of E. coli K-12. Strain W3110
carries a single chromosomal copy of IS150 (23). This copy was deleted in the
�(lacI-lacZ) derivative R1607 according to Hamilton et al. (7) as follows. Strain
R1607 was transformed with the temperature-sensitive plasmid pFDX3610,
which carries 1,327 and 1,014 bp of the left and right sequences that immediately
flank IS150 in the chromosome. The transformants were plated at a nonpermis-
sive temperature (42°C) on Luria-Bertani (LB) medium plates containing tetra-
cycline to select for integration of the plasmid into the chromosome by a single
crossover event between the cloned sequences present on pFDX3610 and their
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FIG. 1. Genetic organization of IS150 (A), the mutations (B) introduced into an IS150 driven transposon (C), and the resulting transposition
activities (D). (A) The element contains two overlapping open reading frames. The inverted repeats are represented by arrowheads. The three
proteins synthesized are represented by the arrows above the element (open arrows, proteins encoded by orfA; solid arrows, proteins encoded by
orfB), and the site of programmed translational frameshifting is represented by the offset. (B) At the top the DNA sequence of the region of
frameshifting together with the amino acid sequence encoded by orfA (InsA protein) and the amino acid sequence jointly encoded by orfA and orfB
after frameshifting (InsAB as well as InsB protein) is shown. The amino acid sequences of the transframe products are indicated by the box
(sequence encoded by orfA) and by highlighting (sequence encoded by orfB). The A6G sequence essential for programmed frameshifting is
enclosed in a box. The start codon of insB (ATG), arranged in the orfA phase, is underlined. At the bottom is a compilation of nucleotide exchanges
and a 1-bp insertion introduced (i) to deactivate frameshifting, (ii) to fuse orfA and orfB, and (iii) to eliminate the insB start codon, together with
the effect on the encoded amino acid sequence. Altered nucleotides are indicated by lowercase letters, and the G residue inserted is enclosed in
a box. (C) Relevant structures of the IS150-driven transposon (TP-cat) together with the vector backbone encoding thermosensitive replication
machinery and the neo gene as a selection marker. (D) Comparison of the transpositional activity of the TP-cat transposon carrying a wild-type
IS150 element (wt) with the transpositional activities of transposons carrying various mutant elements. The IS150 genotypes are indicated on the
left and are followed by schematic drawings of the different proteins synthesized by the various elements. The rates are the averages from four to
six assays for at least two independent transformants. The deviations were less than 50% from the mean. Cm, chloramphenicol; Kan, kanamycin.
The following plasmids were used: transposon 1, pFDX2339; transposon 2, pFDX4107; transposon 3, pFDX3949; transposon 4, pFDX3943;
transposon 5, pFDX4104; transposon 6, pFDX4100; and transposon 7, pFDX4106.
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identical chromosomal counterparts. The resulting colonies were inoculated into
LB broth and incubated at 28°C to allow resolution of the cointegrates by a
second crossover event, which could result either in deletion of IS150 or in
reversion. The cultures were subsequently plated onto LB medium plates without
tetracycline, and the plates were incubated at 42°C to allow segregation of the
plasmids. Deletion derivatives were finally obtained by screening individual col-
onies for tetracycline sensitivity and for the presence of the correct deletion by
PCR. This resulted in strain R2124, which was subsequently made recA by a
two-step transduction. First, an srl::Tn10 allele was inserted by selection for
tetracycline resistance. Subsequently, the recA allele was introduced by cotrans-
duction with the wild-type srl gene and selection for growth on sorbitol, which
resulted in strain R2136.

Growth conditions. LB medium (15) was used as the standard medium. When
necessary, antibiotics were added at final concentrations of 10 �g/ml (tetracy-
cline), 20 �g/ml (chloramphenicol), and 40 �g/ml (kanamycin), unless otherwise
indicated.

DNA preparation. Alkaline lysis and subsequent plasmid purification by equi-
librium centrifugation in CsCl-ethidium bromide density gradients were carried
out by standard procedures as described previously (21). Cleared lysates were
prepared as described by Clewell and Helinski (5), with the following modifica-
tions. Cleared lysates (4 ml) were treated with RNase A (final concentration, 60
�g/ml) on ice for 90 min. Sodium dodecyl sulfate (SDS) and proteinase K were
added to final concentrations of 0.5% and 50 �g/ml, respectively. After incuba-
tion at 50°C for 30 min, samples were extracted with phenol-chloroform, and
DNA was concentrated by isopropanol precipitation.

Labeling 5� ends of linear IS150 molecules. Labeling was accomplished by the
exchange reaction (4) of T4 polynucleotide kinase. Three hundred femtomoles of
DNA was mixed with 4 �l of [�-32P]ATP (10 �Ci/�l; Amersham Pharmacia
Biotech) and 10 U of T4 polynucleotide kinase (New England Biolabs) in a final
volume of 10 �l in the supplied buffer supplemented with 0.1 mM ADP. After
incubation at 37°C for 45 min, samples were ethanol precipitated for further
processing or mixed with 2 volumes of 1.5� denaturing buffer (1.5� Tris-borate-
EDTA buffer, 40 mM EDTA, 10.5 M urea, 0.075% bromphenol blue). Four
microliters was separated on a denaturing 16% polyacrylamide gel. Dried gels
were exposed to X-ray film and to bioimaging plates and were analyzed by using
a Molecular Imager FX (Bio-Rad) and the supplied software (Quantity one 4.1).

Southern hybridization. Plasmid DNA was prepared by the cleared lysate
method as described above. DNA samples that were to be hybridized were
quantified on an analytical agarose gel by ethidium bromide staining of the
samples and DNA standards of known concentrations. Subsequently, 100 fmol
(325 ng) of plasmid DNA carrying the wild-type IS150 element and 1 fmol of
plasmid DNA carrying the insA-negative element were separated on a 1% aga-
rose gel. The upper part of the gel containing the plasmid DNA was removed
before the DNA was transferred to a positively charged nylon membrane (Bio-
dyne B; Life Technologies) as described previously (2). As a probe, a 238-bp
PCR product (obtained with oligonucleotides 392 [5�-TCAATTGGAGTCAGA
CC-3�; IS150K:1365-1383] and 398 [5�-CGAATTCCCGGGATCAAAATATCC
TTAAAGAAC-3�; IS150:1158-1178; heterologous nucleotides are underlined])

was labeled with [�-32P]dCTP (Amersham Pharmacia Biotech) by using the
RadPrime DNA labeling system (Life Technologies). Hybridization was per-
formed at 65°C overnight. The membranes were washed twice for 30 min at 65°C
with 2� SSC–0.1% SDS and twice for 10 min at 65°C with 0.2� SSC–0.1% SDS,
dried, autoradiographed, and quantified by bioimaging analysis as described
above (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate).

Transposition assay. Transposition rates were determined essentially as de-
scribed previously (33), except that cultures were grown at 28°C for 48 h before
selective plating and chloramphenicol was added to LB medium plates to a final
concentration of 30 �g/ml. In short, strain R2136 [�IS150 �(lacI-lacZ) recA] was
transformed with plasmids containing the various IS150-driven cat transposons,
thermosensitive replication machinery, and the neo gene as a selective marker.
Transformants were selectively plated at 28°C to determine the titer and at 42°C
to determine the numbers of singly and doubly resistant survivors. Chloramphen-
icol-resistant, kanamycin-sensitive colonies that appeared at 42°C represented
simple transposition events.

RESULTS

Genetic analysis of IS150-encoded transposition functions.
In order to analyze the contributions of the different IS150-
encoded gene products (Fig. 1A) to transpositional activity, we
constructed mutant derivatives of IS150 which were defective
in the individual insA, insB, and insAB genes. Expression of
both insA and the transframe gene insAB at the same time was
eliminated by a base substitution (G to A) within the shared
ATG start codon. Synthesis of InsB was likewise eliminated by
a substitution within the assigned start codon (Fig. 1B). The
other mutations required manipulation of the frameshifting
window within the region of overlap between orfA and orfB and
are also shown in Fig. 1B. Synthesis of InsAB and InsB at the
same time was eliminated by simultaneous replacement of the
first and fourth A residues within the six-A sequence essential
for translational frameshifting (34; unpublished data) by a T
and a G, respectively. Additional insertion of a G residue
downstream of this sequence led to an in-frame fusion of orfA
and orfB which restored synthesis of InsAB and at the same
time eliminated synthesis of InsA. Expression of insA and insB
as an operon was achieved by cloning the two open reading
frames of the in-frame fusion described above in tandem and
providing the insB start codon with a ribosome binding site
(AGGA). The various mutations were introduced into the

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant structure and/or genotype Reference or source

Strains
W3110 F� 	� IN(rrnD-rrnE)I (
 R1128) 3
R1607 W3110 �lacI-lacZ lacY� K. Schnetz
R2124 R1607 �IS150 This study
R2129 R2124 srl::Tn10 This study
R2136 R2124 recA This study

Plasmids
pFDX2338 neo, oriR pSC101-ts This study
pFDX2339 neo, oriR pSC101-ts, Tp-cat (IS150-cat-IS150 right end) This study
pFDX3610 tet, oriR pSC101-ts, tandem arrangement of adjacent sequences of the chromosomal IS150 copy This study
pFDX3922 neo, oriR pSC101-ts, IS150 This study
pFDX3923 pFDX3922 with an insA-insB-negative IS150 element This study
pFDX3943 pFDX2339 with an insA-insB-negative IS150 element This study
pFDX3949 pFDX2339 with an insA-negative IS150 element This study
pFDX4100 pFDX2339 with an insA-insAB-negative IS150 element This study
pFDX4104 pFDX2339 with an insAB-negative IS150 element This study
pFDX4106 pFDX2339 with an insB-insAB-negative IS150 element This study
pFDX4107 pFDX2339 with an insB-negative IS150 element This study
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IS150 moiety of an artificial transposon consisting of the cat
gene (encoding chloramphenicol resistance) flanked by an en-
tire IS150 on one side and by the right end of IS150, including
its inverted repeat (IR-R), on the other side (Fig. 1C). These
transposons were transferred onto a thermosensitive vector
plasmid that is unable to replicate at 42°C and carries the neo
gene conferring kanamycin resistance (Fig. 1C). The transpo-
sitional activity of the wild-type transposon was compared to
that of mutant derivatives by determining the rate of chloram-
phenicol-resistant colony formers at 42°C. For this analysis we
constructed a strain in which the copy of IS150 residing in the
chromosome was deleted in order to eliminate any interfer-
ence with the transposition assay by this copy.

The resulting transposition rates are shown in Fig. 1D.
When the cat transposon flanked by the wild-type IS150 ele-
ment was tested, the rate of singly resistant survivors on chlor-
amphenicol plates exceeded that of doubly resistant colony
formers by almost 500-fold, verifying the functionality of the
transposon (Fig. 1D, lane 1). The absence of InsB caused no
appreciable phenotype compared to the phenotype of the wild-
type transposon. However, the absence of InsA led to ca.
fivefold-enhanced transpositional activity (2 � 10�3) (Fig. 1D,
lane 3). The rate did not change appreciably when in addition
expression of insB was eliminated. The enhanced transposi-
tional activities were paralleled by an increase in the formation
of doubly resistant colonies. The possible causes of this in-
crease are discussed below. However, the majority of the trans-
position events apparently were the result of cut-and-paste
events.

All transposons that lacked InsAB (insAB negative, insA
insAB negative, insB insAB negative) led to background rates
that were less than 10�7. These events were not studied fur-
ther. We concluded (i) that the InsAB protein is able to cata-
lyze transposition without the aid of other element-encoded
proteins and thus represents the transposase, (ii) that InsA
may inhibit transposition (see below), and (iii) that InsB con-
tributes no appreciable phenotype under our test conditions.
Kanamycin-resistant, chloramphenicol-sensitive colonies were
not observed in our assays (data not shown), verifying the
transpositional functionality of the composite transposons.

In vivo generation of circular and linear IS150 molecules.
During our studies we detected DNA species in addition to the
wild-type element when DNA preparations of plasmids carry-
ing a copy of an insA-negative element were separated on
agarose gels. Figure 2B, lanes 1 to 4, show examples of plasmid
DNAs prepared by standard alkaline lysis and CsCl density
gradient centrifugation, which should have yielded only closed
circular DNA. Undigested DNA of the plasmid carrying the
insA-negative element contained an additional species that
migrated to a marker position at about 1,000 bp (Fig. 2B,
compare lanes 1 and 2). This additional species shifted to
about 1,450 bp when the DNA preparation was digested with
BglII prior to gel electrophoresis (Fig. 2B, lane 4). BglII lin-
earized the plasmid within the 1,443-bp IS150 (Fig. 2A). The
decrease in migration velocity after digestion together with the
apparent size suggested that the additional DNA species rep-
resented supercoiled minicircles consisting mainly of IS150.
This suggestion was verified by additional restriction analyses
(data not shown), as well as Southern hybridization and se-
quence analysis, as shown below.

Faintly visible in the original of Fig. 2B, lane 2, was a DNA
species that migrated at about 1,700 bp. From its position in
the gel and because it disappeared upon digestion with BglII,
we deduced that this DNA may represent nicked IS150 mi-
nicircles. The DNA samples used in the analysis were prepared
by a standard method that involves alkaline denaturation and
thus eliminates most of noncovalently closed DNA. In order to
generally investigate the occurrence of DNA molecules other
than covalently closed species, we repeated our analysis with
DNA samples prepared by a cleared lysate method that does
not include DNA denaturation steps. Separation of the sam-
ples is shown in Fig. 2B, lanes 5 to 8. Again, DNA carrying the
insA-negative element contained the previously observed two

FIG. 2. Accumulation of low-molecular-weight DNA species gen-
erated in the presence of an insA-negative IS150 element. (A) Sche-
matic drawing of plasmid used to transform strain R2124. Note that
BglII cuts only once within the plasmid, at the site marked by an arrow,
dividing IS150 into two arms consisting of 1,001 and 442 bp. (B) Aga-
rose gel electrophoresis of plasmid DNA prepared from transformants
harboring either plasmid pFDX3922 (wild-type IS150 element [wt]) or
plasmid pFDX3923 (insA-insB-negative element [A�]). Plasmid DNAs
were derived from alkaline lysates or cleared lysates, as indicated, and
the DNAs, either undigested or after digestion with BglII, were sepa-
rated on a 1.5% agarose gel and visualized by ethidium bromide
staining. The lengths of DNA standards (in base pairs) are indicated
on the left. ccc, covalently closed circular; nc, nicked circle. The aster-
isks indicate the position of the covalently closed circular form of IS150
minicircles.
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forms of minicircles, the closed circular form and, this time
more prominent, the nicked form, which were both absent in
the wild-type sample (Fig. 2B, compare lanes 5 and 6). How-
ever, an additional species appeared with the mutant DNA,
which was absent in the alkaline lysate (Fig. 2B, compare lanes
2 and 6) and had the same migration velocity as the linearized
minicircle DNA (Fig. 2B, compare lanes 4 and 6), suggesting
that it represented linear copies of IS150. This suggestion was
supported by restriction analysis. When, for example, the DNA
preparations were digested with BglII (Fig. 2B, lane 8), the two
minicircle species (supercoiled and nicked circle) again mi-
grated to the position expected for linear IS150 molecules. In
addition, two bands, one at about 1,000 bp and, faintly visible,
one at about 450 bp, appeared as expected after BglII digestion
of a linear copy of IS150 (Fig. 2A). Identification of the
�1,450-bp species present in the undigested preparation as
linear IS150 molecules was confirmed by DNA sequencing (see
below). In summary, we concluded that in the absence of the
InsA protein large amounts of excised IS150 molecules that are
linear and circular are generated in vivo.

Excision products are also generated by the wild-type ele-
ment, but in different relative proportions. Next, we examined
whether generation of the excision products is an artificial
reaction that occurs only in the absence of InsA or whether it
also takes place in the wild-type situation but at lower rates. As
a first approach, we performed PCR using a pair of primers
that were directed on both sides out of the element. Indeed,
products could be generated in the presence of the wild-type
element that corresponded in length to IS150 molecules with
abutted left and right ends, which indicated that minicircles
were present (data not shown). In order to quantitatively com-
pare the generation of the different excision products from the
wild-type element with the generation of the different excision
products from the insA-negative derivative, we performed
Southern hybridizations. Cleared lysate DNA preparations ob-
tained from transformants harboring plasmids with the wild-
type and insA-negative elements were digested with BglII (Fig.
3A), separated on an agarose gel, blotted, and hybridized. A
32P-labeled DNA fragment derived from the right arm of IS150
(Fig. 3A) served as a probe. The gel was loaded with a 100-fold
excess of the wild-type DNA relative to the amount of the
mutant DNA. The resulting autoradiograph (Fig. 3B) revealed
that both linear and circular excision products were indeed
generated from the wild-type element. However, phosphorim-
ager analysis revealed that minicircles and linear molecules
were generated from the insA-negative element in about
equimolar amounts, while they were produced from the wild-
type element at a 10:1 ratio. Moreover, the amount of linear
molecules was �100 times larger (and the amount of mi-
nicircles was 10 times larger) in the mutant DNA preparation
than in the wild-type preparation.

Structure of the termini of the linear IS150 molecules. The
presence of excision products in wild-type plasmid prepara-
tions suggested that they may represent intermediates in the
transposition pathway. Knowledge of the exact molecular
structure might therefore reveal details about the enzymatic
reactions involved. For structural analysis of the termini of the
linear excision products, we took advantage of the fact that the
enzyme BstXI cleaves both inverted repeats of IS150 at iden-
tical positions. BstXI generates staggered cuts expected to re-

lease a 14-nucleotide fragment from each 3� end and an 18-
nucleotide fragment from each 5� end when linear molecules
are generated by blunt end cuts exactly at both termini (Fig.
4A). Determination of the lengths of these fragments should
therefore reveal the exact positions of these cuts. To do this,
we isolated the linear excision product from a gel, digested it
with BglII, and separated the left arm of IS150 from the right
arm on a second preparative gel. The arms were end labeled at
their 5� termini with 32P either before or after digestion with
BstXI, and the resulting fragments were analyzed on a dena-
turing sequencing gel along with a ladder consisting of end-
labeled oligonucleotides as markers. The resulting autoradio-
graph is shown in Fig. 4B. When labeling preceded digestion,
only the terminal 5� ends of the linear IS150 molecules were
marked by labeling. This gave rise to a prominent band at 21
nucleotides and a minor band at 22 nucleotides with both arms
(Fig. 4B, lanes 1 and 5), demonstrating that the two termini
were processed identically. In the majority of cases the mole-

FIG. 3. Southern hybridization demonstrating that IS150 mi-
nicircles and linear IS150 molecules are also generated from wild-type
IS150 elements. (A) Design of the probe. Cleavage by BglII divides
IS150 into two fragments. The 238-bp probe used should detect the
442-bp right fragment of linear IS150 molecules and a 1,443-bp frag-
ment corresponding to linearized IS150 minicircles. (B) Plasmid DNA
from cleared lysate preparations was digested with BglII prior to aga-
rose gel electrophoresis, blotting, and hybridization. A 100-fold excess
of plasmid pFDX3922 carrying the wild-type IS150 element (wt) rel-
ative to the amount of plasmid pFDX3923 carrying the insA-insB-
negative element (insA�) was used (based on the amount of super-
coiled and nicked circular plasmid DNA as described in Materials and
Methods). The positions of marker bands (in base pairs) are indicated
on the right. The strain used for transformation was R2136.
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cules possessed 3-nucleotide overhangs of flanking sequences
at their 5� ends, while a minor population (5%, as revealed by
phosphorimager analysis) had 4-nucleotide protrusions (Fig.
4A shows the exact structure). When the arms were digested
with BstXI prior to end labeling, the complementary strands
were also labeled at the 5� ends liberated by the enzyme. In this
case two additional bands, a major band at 14 nucleotides and
a minor band at 13 nucleotides, became apparent on the au-
toradiograph with both arms of IS150 (Fig. 4B, lanes 2 and 4).
Again, the minor band accounted for 5% of the molecules.
Thus, in 95% of all molecules the 3� ends on both sides cor-
responded to the exact termini of the element, while in the
other 5% they were recessed by one nucleotide (Fig. 4A). In
summary, the data revealed that the majority of the linear
IS150 molecules are molecules carrying three additional nu-
cleotides at their 5� termini. However, a minor fraction carry
4-base 5� overhangs and/or are recessed by one nucleotide at
their 3� ends.

Minicircles likely represent the precursors of the linear
excised IS150 molecules. In order to determine the exact na-
ture of the cuts at the termini of IS150, we determined the
junction sequences in minicircles in a representative number of
cases, as well as the sequences of the termini of linear excision
products. To do this, we used a plasmid carrying an insA-
negative derivative of IS150 that lacks the 3-bp direct repeats
normally flanking IS150 after its transposition (23). Minicircles
generated in transformants carrying this plasmid were linear-
ized with BglII and cloned. Six independent clones were
picked, and the regions comprising the junctions of both IS
termini were sequenced. The results are summarized in Fig.
5A. In three cases the inverted repeats were separated by 3 bp
originating from the vector sequences flanking the element’s
left end; in the other three cases they were separated by 3 bp
originating from the vector sequences flanking the element’s
right end (Fig. 5C shows sequences of the flanking region).
Essentially the same result was obtained when the junctions
amplified by PCR from transformants carrying a plasmid with
wild-type IS150 were analyzed. One of seven independent
clones carried the 3 bp flanking the element’s left border, while
the other six clones contained the 3 bp flanking the element’s
right border (data not shown). Thus, no hybrid sequences
consisting of nucleotides originating from the left and right
flanking sequences were observed with both the wild-type el-
ement and the insA-negative derivative.

To determine the terminal sequences of the linear excision
products, the products were first cloned into a vector. Success-
ful ligation required Klenow fill-in reactions but was not af-
fected by dephosphorylation of the vector moiety, demon-
strating that the 5� ends of the linear IS150 molecules are
phosphorylated. Six independent clones were used to deter-
mine the sequences that cover the junctions between the vector
and the element (Fig. 5B). In all six cases the additional nu-
cleotides attached to the 5� end of the left terminus were
complementary to those attached to the 5� end of the right
terminus. This demonstrated that linear molecules cannot be
the products of an excision event due to staggered cuts at both
ends within the donor DNA bearing the element but must be
derived from the minicircles as a result of single-strand cuts
occurring at both 3� termini of IS150 (Fig. 5C). Thus, the linear
molecules represent the products rather than the precursors of

FIG. 4. Molecular analysis of the lengths of the termini of the
linear IS150 molecules. (A) Strategy and interpretation of the results.
Restriction endonuclease BstXI cuts twice within IS150, once within
each inverted repeat (IR-L and IR-R) and thus close to the termini,
allowing precise determination of the lengths of the end fragments
after digestion. (B) Determination of the lengths of BstXI-generated,
5�-end-labeled fragments derived from linear IS150 molecules. The
linear species was isolated from a preparative agarose gel, and its left
and right arms were separated by BglII digestion followed by another
round of gel electrophoresis. Subsequently, the DNAs were end la-
beled with 32P either before (lanes 1 and 5) or after (lanes 2 and 4)
digestion with BstXI, separated on a denaturing 16% acrylamide gel
along with labeled oligonucleotides of known lengths, and autoradio-
graphed. Labeling before digestion revealed the lengths of the 5� end
fragments of IS150, whereas labeling after digestion also revealed the
lengths of the 3� end fragments. The positions of the left inverted
repeat (IR-L)-derived fragments (lanes 1 and 2) and the positions of
the fragments derived from the right inverted repeat (IR-R) (lanes 4
and 5) are indicated in panel A. The source of the DNA was a cleared
lysate of strain R2136 transformed with plasmid pFDX3923. n, nucle-
otides.
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the minicircles. Interestingly, in one of the six cases the linear
IS150 molecule was flanked by four nucleotides instead of
three nucleotides on both sides. Due to the nature of this
sequence we could not decide whether the nucleotides were
derived from the left or right end of the flanking sequences.
However, this variation points to some imprecision of the
transposase, as indicated above. Whether this imprecision is
due to the absence of the InsA protein in these experiments
remains to be determined. It may be relevant, however, that
upon transposition IS150 in most cases generates 3-bp direct
repeats but occasionally generates 4-bp direct repeats (22; un-
published results).

DISCUSSION

Genetic analysis of the different gene products encoded by
IS150 revealed that the transframe protein InsAB alone is
necessary and sufficient to catalyze transposition, thus defining
it as the element’s transposase. This result is in accordance
with data previously published for other members of the IS3
family of insertion sequences (see above). Also in agreement
with these results is the finding that in the absence of InsA or
its homologues large amounts of excision products accumulate
in vivo. In the case of IS150 (Fig. 2), as well as IS2 (13), IS3
(25), and IS911 (18), the products were characterized as cir-
cular copies of the elements. In addition, linear IS molecules
accumulated in the case of IS150 (Fig. 2), IS3 (24, 26), and
IS911 (30).

A detailed analysis revealed that in the IS150 minicircles the
inverted repeats of the element are abutted and are separated
by a short DNA segment, which in most cases is 3 bp long but
sometimes is 4 bp long, that originates from the donor se-
quences flanking the element either on its left side or on its
right side (Fig. 5A). The linear molecules carry single-stranded
5� extensions at both inverted repeats that terminate with a
phosphate group and are again mainly 3 bases long but are
sometimes 4 bases long (Fig. 4). These single-stranded exten-
sions in turn originate from the donor sequences that flank the
element either on its left side or on its right side (Fig. 5B). This
finding indicates that the linear molecules cannot be the prod-
ucts of staggered double-strand breaks in the flanking donor
DNA but must be derived from the circular species by two
single-strand cuts, each occurring at one of the two 3� ends of
IS150. Thus, the linear species must represent the products
rather than the precursors of the minicircles. Similar results
have been obtained in the absence of the InsA homologue with
IS3 (24) and also with IS911. In the latter case linear species
were detected in vivo and could also be generated in vitro (30).

FIG. 5. Sequences present between the abutted ends in minicircles
(A) and at the termini of the linear IS150 molecules (B) and interpre-
tation of the results (C). (A) Three base pairs (boldface type) bridge
the inverted repeats (IRs) (shaded) in six cases analyzed. The data
were derived from donor DNA immediately flanking the element on
the right or left, as indicated. Minicircles generated from plasmid
pFDX3923 were linearized with BglII, gel purified, cloned into the
BamHI site of plasmid pUC19 (35), and sequenced across the circle
junction with a primer located near the left inverted repeat (IR-L) and
reading out of the element. IR-R, right inverted repeat. (B) Sequences
found at the termini of linear IS150 molecules derived from the same
preparation as in panel A after filling in of the recessed 3� ends with
Klenow polymerase and cloning into the SmaI site of plasmid pBlue-
script SK� (Stratagene). (C) Model explaining the precursor-product
relationship of minicircles and linear molecules and summarizing the
possible pathway of IS150 transposition. First, the element is removed
from the donor DNA by an InsAB-catalyzed reaction. Evidence for the
details of this reaction step came from analysis of figure-eight mole-
cules that have been found in the case of IS2 (13) and IS911 (16) but
were not detectable with IS150. In short, in these cases excision is
initialized by a single-strand break catalyzed by the transposase that
releases a 3� hydroxyl end at one of the two inverted repeats, which
subsequently attacks the donor DNA on the same strand three bases
(and sometimes four bases) away from the other inverted repeat,

resulting in circularization of this strand. An attack on the other strand,
which may be catalyzed by host enzymes, leads to covalently closed
double-stranded circles in which the inverted repeats are separated by
a 3-bp segment that originates from either the left or the right of the
donor DNA, as shown. These circles are then converted by two nicks
to the linear forms that are integrated into the target DNA. At this
stage the InsA protein may be important. It may partially inhibit this
reaction until an interaction with target DNA ensures productive in-
tegration, and it may in addition take part in target acquisition, thus
synchronizing these processes in order to prevent excess abortive for-
mation of linear molecules.
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A third species, so-called figure-eight molecules that represent
half-excision events in which only one strand of the element
has become circularized, has been detected with IS2 (13) and
IS911 (16), but this species was not observed in our prepara-
tions. These molecules were interpreted as precursors of the
minicircles.

The finding that in the case of IS150 both species were also
generated from the wild-type element (Fig. 3) supports the
previous hypothesis that they may not represent artifacts that
are generated only in the absence of InsA but rather are true
transpositional intermediates. Interestingly, the absence of the
InsA protein caused a disproportionate accumulation of these
excision products. The 10-fold-higher rate of accumulation of
minicircles observed in the absence of InsA (Fig. 3) roughly
corresponds to the 5-fold-higher transposition rate observed
with the insA-negative transposon (Fig. 1D). The amount of
the linear species, however, increased 100-fold when InsA was
absent.

The increase in circle formation and the parallel increase in
transpositional activity were not necessarily caused by the ab-
sence of the InsA protein. These changes could at least in part
be attributed to the higher rate of transposase synthesis as a
result of the type of mutations that had to be introduced to
make the element insA negative. These included in-frame fu-
sion of orfA to orfB and simultaneous elimination of frame-
shifting, which together caused all ribosomes initiating at the
orfA reading frame to synthesize the InsAB protein. Frame-
shifting within the wild-type IS150 element takes place at a rate
of about 50% (32; the rate of 35 to 38% described by Vögele
[33] was later corrected). Thus, the mutations that eliminate
synthesis of InsA at the same time should lead to a doubling of
transposase synthesis (as was indeed revealed by SDS-poly-
acrylamide gel electrophoresis of radiolabeled proteins [data
not shown]). Recently, similar mutations were introduced into
an IS911-flanked transposon with similar effects. Transposi-
tional activity was stimulated about 80-fold (6). Since the
frameshifting rate in IS911 is only 12.5% (17), the mutations in
this case should lead to eightfold transposase overexpression,
which could also in this case explain, at least in part, the higher
transposition rates.

The large increase in formation of linear molecules observed
in the absence of InsA may indicate that the InsA protein acts
mainly after minicircle formation. Thus, the main activity of
InsA could be to inhibit the abortive formation of linear mol-
ecules and to couple the generation of these molecules to
productive insertion events. In vitro results obtained with
IS911 minicircles as the substrate revealed that the InsA ho-
mologue is able to stimulate full transposition of the mi-
nicircles into a target plasmid, demonstrating at the molecular
level that this protein is indeed active after minicircles are
generated (29). The stimulatory effect was observed up to a
certain ratio of the InsA homologues to the InsAB homo-
logues, after which InsA was inhibitory. In preliminary studies
we observed similar effects in vivo, where small amounts of
InsA protein further stimulated transposition of an insA-neg-
ative IS150 transposon (data not shown).

No function could be attributed to the insB gene product.
This was surprising, because the gene is regulated in a complex
manner at the level of translation initiation (32, 33). However,
identical negative results were obtained in vivo with mutations

in the homologous gene of IS911 (17), while IS2 apparently
does not even express the corresponding reading frame (10,
11). Only in the case of IS3 could a function be assigned to the
gene product. In this case, the InsB homologue acted together
with the InsA homologue as a coinhibitor of transposition (27).
However, in this test all IS3 genes were highly overexpressed.
Thus, the biological relevance of these results remains unclear.
An in vitro activity could be detected in the case of IS911,
however, in which the protein catalyzed part of the reversal of
figure-eight formation (19).

In most cases in which transposition functions of members of
the IS3 family of insertion sequences have been studied, het-
erologous expression systems have been used, and the different
gene products have been delivered in trans to artificial trans-
posons consisting of inverted repeats that flanked either a
reporter gene or a selection marker. While the data obtained
in this way provided important contributions to our under-
standing of the transpositional processes, they are difficult to
compare. Indeed, quite different results were obtained for the
relative transposition rates when the InsAB homologues were
synthesized alone and when all IS genes were expressed; the
values ranged from 105-fold stimulation in the case of IS2 (13)
to 160-fold stimulation in the case of IS3 (27) to 60-fold inhi-
bition in the case of IS911 (28). It remains to be determined
whether these huge differences reflect true differences between
the elements studied. In fact, 80-fold stimulation instead of
60-fold inhibition has been observed for IS911 in a more recent
study, in which the mutation knocking out InsA synthesis was
directly introduced into an IS911 transposon (6). We also have
seen variable trans effects when studying IS150 (data not
shown). It therefore appears to be important to avoid any
unnecessary alterations when the in vivo functions of the IS150
genes are examined genetically. We took care to manipulate
IS150 as little as possible and within the transposon itself. The
results obtained support the pathway for transposition of ele-
ments of the IS3 family as it is now generally believed and
shown in Fig. 5C.

Because of the elevated rate of doubly resistant colony form-
ers observed in the absence of InsA (Fig. 1D), it could be
argued that a small fraction of the reactions proceed via a
replicative mode of transposition which cannot a priori be
excluded. However, these additional events may represent sim-
ple transposition from dimeric plasmid structures that form at
low rates even in recA-negative strains and may subsequently
give rise to IS tandem structures that are highly active in
transposition (31) and from more complex structures that may
arise from reactions between the donor plasmid and the large
amount of minicircles and linear molecules present under
these conditions.

The linear molecules obviously are not degraded in vivo.
The accumulation of these molecules in large excess over the
minicircles, as observed in the absence of the InsA protein,
indicates that they cannot be ligated efficiently by the host
ligase. Moreover, unlike transposition intermediates of IS10
(8) and IS1 (12), they did not induce the SOS response (data
not shown). Thus, an interesting question remains concerning
the nature of the termini of the linear molecules, which are
possibly protected as nucleoprotein complexes, in vivo.
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