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We report the formation of deletions and inversions by intramolecular transposition of Tn5-derived mobile
elements. The synthetic transposons used contained the IS50 O and I end segments and the transposase gene,
a contraselectable gene encoding sucrose sensitivity (sacB), antibiotic resistance genes, and a plasmid
replication origin. Both deletions and inversions were associated with loss of a 300-bp segment that is
designated the vector because it is outside of the transposon. Deletions were severalfold more frequent than
inversions, perhaps reflecting constraints on DNA twisting or abortive transposition. Restriction and DNA
sequence analyses showed that both types of rearrangements extended from one transposon end to many
different sites in target DNA. In the case of inversions, transposition generated 9-bp direct repeats of target

sequences.

Transposable elements are a diverse group of specialized
DNA segments that move to new sites in a genome without
need for extensive sequence homology. They cause insertion
mutations and rearrangements, alter the expression of
nearby genes, are found in both procaryotes and eucaryotes,
and are valuable as tools for molecular genetics (7).

TnS5 is one of the most intensively studied and widely used
of the bacterial transposons. It is a composite element,
consisting of terminal inverted repeats of the insertion se-
quence IS50 and genes for resistance to several antibiotics
(6). Transposition is mediated by the cis-acting transposase
protein (encoded in IS50), along with host factors. Segments
of about 19 bp at each end of IS50 and of TnS are essential
for transposition (15, 27). Tn5 can insert into dozens of sites
in any typical gene, a few of which may be used preferen-
tially (hot spots) (8, 18). This pattern of relatively low target
specificity contributes to the value of TnS as a research tool
(2, 3). Early studies showed that the movement of Tn5 and
IS50 between DNA molecules generates simple insertions
(4, 5), not the cointegrates that are the hallmark of replica-
tive transposition (28), and led to a model in which transpo-
sition occurs by a conservative cut-and-paste mechanism
(4-6, 22). Several other elements are now also known to
undergo conservative transposition (9, 16, 21), and the
present experiments lend support to the nonreplicative
transposition model for Tn5.

Most previous studies of Tn5 transposition have involved
movement between different molecules (intermolecular
transposition), but insertion into sites within the same mol-
ecule (intramolecular transposition) should also occur. De-
letion and inversion products are expected in the case of
transposition to a site within the element itself: the resultant
circular molecules should consist solely of transposon se-
quences (Fig. 1). A linear fragment, designated the vector
because it is outside the transposon, should also be formed
and then lost (4-6). Rearranged DNA molecules that were
probably products of intramolecular conservative Tn5 (I1S50)
transposition were obtained from complex \-IS50-pBR322-
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Tn5 chimeras that contained three copies of S50, by select-
ing for loss of the A phage component (14).

We began the experiments reported here for two reasons:
(i) to determine whether Tn5 would mediate intramolecular
transposition, and if so, whether the products obtained
supported the conservative model; and (ii) to assess whether
Tn5-derived elements would generate nested deletions suit-
able for functional and DNA sequence analyses. We show
here that rearrangements mediated by a synthetic IS50 (Tn5)
element can be obtained easily by using a contraselectable
gene (sacB, sucrose sensitivity) and that both deletions and
inversions arise, but at unequal frequencies.

MATERIALS AND METHODS

Bacteria were grown in LN broth (1% Humko-Sheffield
NZamine, 0.5% Difco yeast extract, 1% NaCl) at 37°C.
When indicated, the media also contained 12.5 pg of tetra-
cycline per ml, 50 pg of ampicillin per ml, 60 pg of kanamy-
cin per ml, and/or 5% sucrose. Solid medium contained 1.5%
Difco Bacto agar. The strains of Escherichia coli K-12 used
in this study were MC1061 (10) and DB4351, a dam::Tn9
derivative of MC1061. The plasmids used (Fig. 2A) are
derivatives of pBR322 and were constructed by standard
recombinant DNA methods (20, 25). Sequences critical to
the present study are shown in Fig. 2B.

To enrich for intramolecular transposition in the plasmids
depicted in Fig. 2, overnight cultures of plasmid-carrying
cells from young single colonies were plated on LN-tetracy-
cline agar containing sucrose (35). Colony hybridization (25)
to identify plasmids likely to have lost the vector site was
carried out by using the vector-specific oligonucleotide des-
ignated ‘19 bp primer’’ in reference 23. Plasmid DNAs were
extracted from representative sucrose-resistant colonies,
screened for size and diagnostic restriction sites by agarose
gel electrophoresis, and, when appropriate, sequenced by
the double-stranded dideoxy method (26, 37) with Sequenase
(United States Biochemical) and oligonucleotides specific
for sequences near the O and I ends in these plasmids (Fig.
2B).
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FIG. 1. Expected products of intramolecular transposition medi-
ated by a pair of IS50 I and O ends. Open triangles indicate 1S50 I
and O end segments that face each other across the vector segment
(jagged line).
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RESULTS

The first plasmids used to test for intramolecular transpo-
sition (plasmids I and II; Fig. 2A) contained a synthetic I1S50
(Tn5) transposon in which the 19-bp O and I end segments
face each other across a 300-bp nonessential segment desig-
nated the vector (jagged line in Fig. 1). Interior to the
transposon ends (within the transposon) are the origin of
replication and genes encoding sucrose sensitivity (sacB),
tetracycline resistance (zet), and transposase (tnp). Sucrose-
resistant (Suc’) mutants of strain MC1061 carrying these
plasmids were found at frequencies of about 10~% (Table 1).
Plasmid DNAs from six independent Suc™ mutants of plas-
mid I were screened on agarose gels. One mutant plasmid
was 1.3 kb larger than its Suc® parent, had an extra EcoRI
site, and probably resulted from transposition of a resident
IS sequence; the other five plasmids were unchanged in size
and probably contained sacB point mutations.

Because Tn5 and IS50 have a higher transposition fre-
quency in Dam™ cells than in Dam™ cells (11, 17, 33, 36), the
selection for sucrose resistance was repeated in Dam™ strain
DB4351. Suc' mutants were about 200-fold more frequent in
derivatives of strain DB4351 carrying plasmids I and II than
in the isogenic Dam™ strains (Table 1). About one-third of
the Suc’ plasmids were at least 300 bp smaller than their Suc®
parents. This suggested that Tn5-mediated rearrangement
events contribute significantly to the overall mutation fre-
quency in Dam™ cells.

To provide a larger target for transposition and also to
efficiently identify many deletions before DNA analysis, we
cloned a 1.5-kb kan gene adjacent to sacB to make plasmids
I-a and II-a (Fig. 2A). Suc’ mutants of strain DB4351 (Dam ™)
carrying these plasmids were obtained at frequencies of 3 X
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TABLE 1. Frequencies of sucrose-resistant colonies®

Suc’ frequency (10°) with host strain:

Plasmid
dam™ dam
1 0.018 4.7
I-a 0.015 2.6
11 0.022 4.0
II-a 0.042 3.0

“ Sucrose-resistant mutants were selected on LN-tetracycline agar contain-
ing 5% sucrose. Each value reported represents the median frequency
obtained with five independent clones (Materials and Methods). Host strains:
dam*, MC1061; dam, isogenic dam::Tn9 strain DB4351.

1076, More than 1/10 of them were Kan® (Table 2), and each
of the 24 Suc” Kan® isolates screened by gel electrophoresis
contained plasmids at least 2 kb smaller than its parent
plasmid. Among 91 Suc’ plasmids tested that had remained
Kan', 13 were more than 300 bp smaller than their parents
and had lost diagnostic BamHI (plasmid I-a) or Pvull (plas-
mid II-a) fragments (sites boxed in Fig. 2). This outcome
suggested that they contained deletions beginning at the I
end (plasmid I-a) and the O end (plasmid II-a). Three other
derivatives of plasmid I-a were just 300 bp smaller than their
parents, had retained the BamHI site between the O end and
sacB but on a different-sized fragment, and thus were likely
to contain inversions. Two other mutant classes were not
due to Tn5 transposition: eight plasmids were 1 to 2 kb larger
than their parents and were attributable to insertions of IS
elements resident in the bacterial chromosome, and 67
plasmids were unchanged in size and probably contained
sacB point mutations (Table 2).

The DNA sequences adjacent to the transposon ends in
representative smaller plasmids were determined by using
primer oligonucleotides specific to these ends (Fig. 2B).
Plasmids from each of nine Suc” Kan® mutants tested con-
tained a simple deletion extending from one transposon end
into sites in kan or,. in one case, into the adjacent pBR322
segment (nos. 6 through 10 and 14 through 17; Table 3, Fig.
3 and 4). Similarly, each of eight Suc' mutants tested that had
lost more than 300 bp and the diagnostic BamHI or Pvull site
but remained Kan" and contained a deletion from the trans-
poson into sites in sacB (sites 1 through 5 and 11 through 13).
Three other aspects of the data merit attention. (i) The
complete sequence of one transposon end was present at the
junction with target DNAs in each of the 17 mutants exam-
ined (I end in plasmid I-a derivatives, O end in plasmid II-a
derivatives). (ii) The base pair of the vector that was
adjacent to the I end in plasmid I-a, and the O end in plasmid
II-a had been replaced in at least 11 of 17 cases (in the other
6 cases the possibility that this adjacent base pair was from
the vector rather than the target could not be ruled out). (iii)
Each deletion endpoint was at a different site in the target
DNA.

Restriction mapping and sequencing of three of the plas-
mids that had lost just 300 bp confirmed that they contained
inversions of the type diagrammed in Fig. 1. In each case,
both the I and O ends were present, the 300-bp vector
fragment had been lost, each transposon end was fused to a
site in sacB in the orientation opposite that in the parental
plasmid, and the 9-bp sequence next to the I end was
duplicated next to the O end (Fig. 3, Table 3).

Because no inversions were initially obtained from plas-
mid II-a, additional Suc’ colonies that remained Kan" were
selected and screened by colony hybridization with an
oligonucleotide probe specific for vector sequences. Plasmid
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B Iend region (plasmids I-a and II-a)

5'JGGATCTGATGGCGCAGGGGAFCALGATCTGATCAAGAGACAGICATTAAAGCTCGAATTC
Primer #1 > I End—» EcoRI

O end region (plasmid I-a)

5'-bGGCAGGTATA’_I‘GTCATGGdI"I‘ 'AAAAAGGATCCCC IECTT GTGTATAAGAGTCAQ’,EQ TACC
Primer #2——» BamHI O End— Kl

O end region (plasmid II-a)

S'tCATCGCGTCCGCCATCI‘ CCI\GCAGCCGCACGCGGCGCATCT CGQQMEQCC’]IACI‘T GTGTATAAGAGTCAGGGTACC
Primer #3——» BamHI O End —» Kl

FIG. 2. Structures of plasmids containing engineered Tn5 elements. (A) Restriction maps of plasmids used in this work: — — —, deletable
segment; sacB, sucrose sensitivity; ori, pPBR322 replication origin; tet, tetracycline resistance; tnp, transposase; kan; kanamycin resistance.
Restriction endonuclease cleavage sites: RI, EcoRI; K, Kpnl; B, BamHI; Nd, Ndel; Sa, Sall; X, Xhol; N, Not; P, Pstl; Sm, Smal; Pv,
Pvull. Restriction sites that were used to help distinguish deletions and inversions are outlined with boxes and circles, respectively (see the
text). Plasmids I and II are 6.3 kb; plasmids I-a and II-a are 7.8 kb. The segment containing the IS50 I and O ends and np (transposase) gene
came from a derivative of pBRG1305 (23) in which tnp was at the BamHI site interior to the two ends (K. Dodson, unpublished data). A 300-bp
segment between the first positions of the O and I ends (the EcoRI-Clal fragment) from pBRG130S served as the vector as described in the
text. sacB (the levansucrose gene from Bacillus subtilis) causes sucrose sensitivity in E. coli and was derived from pLS302 (13, 30) as a
BamHI-Ndel fragment. The kan gene of Tn903 was obtained as an EcoRI fragment from pUC4K (31, 34). The EcoRlI site in sacB was removed
by the linearized plasmid method (19) and a bridging oligonucleotide (5" TATCAAGTTCCTGAGTTCGATTCGTCCAC) designed to retain
thie amino acid sequence of the sacB protein and to avoid rare codons in the gene. The BamHI site in tet was eliminated by using bisulfite
mutagenesis of BamHI-cleaved plasmid DNA (18). The unmarked segment between tet and ori contains the 3’ portion of the amp gene, distal
to the pBR322 Ps:I site. (B) Sequences in the vicinity of the transposon ends. The 19 bp of the O and I end segments and the sequences used
as primers are boxed. Primers: 1, nucleotides 1492 to 1501 of IS50; 2, nucleotides 32 to 13 of sacB; 3, nucleotides 1384 to 1403 of pBR322.




VoL. 172, 1990 INTRAMOLECULAR TRANSPOSITION 6351

TABLE 2. Analysis of plasmids from sucrose-resistant colonies®

No. of colonies tested No. of Kan® colonies No. of Kan" colonies®

Parental L R Total Loss of: G . N Total

plasmid " s 0SS O otal ' ain of o otal
Kan Kan Total >300 bp screened >300 bp 300 bp >1 kb change screened

I-a“ 415 85 500 11 11 7 3 2 27 39

II-a¢ 447 53 500 13 13 6 0 6 40 52

1I-a? 24 3 ND ND 100

“ DB4351 (Dam ™) was used as the host. Plasmid DNAs were tested for size by agarose gel electrophoresis.

® Loss of >300 bp was a deletion; loss of 300 bp was an inversion; gain of >1 kb was an insertion, probably of IS element; no change indicated a point mutation.
ND, Not determined.

<20 separate single-colony isolates were grown to the stationary phase in 3 ml of broth. Samples were plated on LN-tetracycline-sucrose agar, and 25
sucrose-resistant isolates from each culture were tested for kanamycin sensitivity. Plasmid DNAs from representative Kan® and Kan" isolates were then screened
by plasmid size and BamHI and Pvull digestion to distinguish deletions and inversions (Fig. 2A).

4 Ten separate single-colony isolates were tested as described above, and 10 sucrose-resistant, kanamycin-resistant derivatives from each culture were screened
by colony hybndlzauon for loss of the vector segment. Plasmid DNAs from each of the 27 isolates |dent1ﬁed as having sustained rearrangement were then
examined by plasmid size and Xhol digestion to distinguish deletions and inversions (Fig. 2A).

size determination and Xhol restriction analysis (Xhol sites
circled in Fig. 2) of 27 isolates that did not hybridize with the
probe indicated that 24 had deletions extending into sacB
and that 3 isolates had inversions with endpoints in sacB.
Although the endpoints were not mapped in detail, the
diagnostic fragments varied in size, indicating that the inser-
tions in sacB were not clustered.

DISCUSSION

The conservative (nonreplicative) model of TnS transpo-
sition predicts the formation of adjacent deletions and inver-

there are no twists or an even number of twists in this
interval. In both situations the vector segment is linearized
and lost and viable circular products are formed only when
transposition is targeted to sites within the element itself
(Fig. 1). In contrast, the replicative transposition model
predicts that the vector is not linearized when adjacent
deletions and inversions are formed, and that circular prod-
ucts are formed by intramolecular transposition only when
sites in the vector are targeted (reviewed in references 2, 3,
21, 28, and 29). The experiments presented here are in
accord with the conservative model for intramolecular TnS

transposition.

The low frequency of IS50-mediated rearrangements re-
covered (<107% in Dam™ cells; ~107° in Dam™ cells) does
not accurately reflect the rate of transposition, since the

sions by transposition to sites within the element itself (Fig.
1). Formally, the deletions arise when one twist or an odd
number of twists intervene between the transposable ele-
ment ends and the target, whereas inversions arise when

TABLE 3. Products of intramolecular transposition?

Type of plasmid Isolate Target site duplication® sequences and positions Phenotype

Deletion® 1 ATAAAAAAG s443-451 Kan"
2 AACATCAAA s467-475 Kan"

3 GTCTTTAAA s1499-1507 Kan"

4 TACTCACAC s1694-1702 Kan"

S TCCTTGAAC s1851-1859 Kan"

6 CTCATACCA k468-476 Kan®

7 GAAACTGCA sk747-754 Kan®

8 TTTTGAAAA k787-795 Kan®

9 CTGAGCGAG k1083-1091 Kan®

10 CTTCCCATA k1398-1406 Kan*

11 CTGCTGGCA s518-526 Kan"

12 GGCGACAAC s1181-1189 Kan"

13 ATTCTACGC s1765-1773 Kan"

14 AGATGCGTG k676-684 Kan®

15 ATGCATCAT k1253-1261 Kan®

16 GCTTTCCCC k1641-1649 Kan®

17 GTGAAATAC p2306-2314 Kan®

Inversion 1 CAGTGCGGT s520-512 (I end), ACCGCACTG s512-s20 (O end) Kan"
2 GTTGATGTT s1090-1082 (I end), AACATCAAC s1082-1090 (O end) Kan"

3 AAGTGTGAC s1704-1696 (I end), CTCACACTT s1696-1704 (O end) Kan"

“ The rearrangements were obtained by selecting Suc’ mutants and then screening plasmids for size and dlagnostlc BamHI and Pvull sites (Fig. 2A legend).
Putative deletion plasmids were >300 bp smaller than plasmid I-a and lacked a diagnostic site, whereas inversion plasmids were just 300 bp smaller than plasmid
I-a.

» The deletion and inversion endpoints were determined by double-stranded dideoxy sequencing with the primers indicated in Fig. 2B. The inversions were
from plasmid I-a and were sequenced in both directions as detailed in Fig. 3. The sequence listed indicates the 9-bp duplication adjacent to the transposon end.
Numbers refer to the nucleotide sequence coordinates of the 1,960-bp sacB gene (s) (30), the 1,270-bp kan segment from pUC4K (k) (31, 34), and pBR322 (p) (20).

< See Fig. 4.
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5t —e ¢+ AGATCTGATCAAGAGACAGCAT ANAA ACOQCTGACTCTTATACACAAGT .

3 ' -+« TCTAGACTAGTTCTCTGT(GTA

TGGGACTGAGAATATGTGTTCA " ,~.

vector O End A)

',",."/ g 443 451
i \

b CAGTACATAAAAAAGGAGACA- .o
GTCATGTATTTTTTCCTCTGT* e * 9

Deletion 1

1082 1090

-// b -TCTTTGAACATCAACGGTGTA- ee-3"

* + ¢ ¢ e AGAAACTTGTAGTTGCCACAT***-5"

targets in sacB

n
S5'—ee °AGATCTGATCAAGAGACAGﬁTAMAAAﬁGAG‘ oo

443

Inversion 2

" 1090 1082

........................ ee e TGGCAACT.

I End
v 5'—e++ AAGATCTGATCAAGAGACA KTTGATGTTCAAo p—
1090

CTGAGAATATGTGTTCAee++-5"'

iLO End

451

1082

FIG. 3. Strategy for analysis of deletion and inversion mutants. Sequences were determined by using the primers shown in Fig. 2B. Isolate

numbers refer to those summarized in Table 3 and Fig. 4.

plasmids are present in multiple copies and several genera-
tions of growth and segregation are needed for expression of
sucrose resistance. '

The alignment that results in deletions should actually
generate two complementary circular deletion molecules,
each of which lacks vector sequences (Fig. 1). Only one
deletion product was found, however, because the other
lacked a replication origin and thus was lost during bacterial
growth. We found that deletions began precisely at one
transposon end and extended to many different sites in target
DNAs. The alignment that results in inversions, in contrast,
generates one circular DNA molecule consisting of the entire
transposon without vector sequences and with the transpo-
son ends moved to new sites. We found that the inversion
breakpoints also occurred precisely at the element ends and
were associated with 9-bp duplications of target sequences
(Fig. 3).

Given that Suc’ Kan" mutant plasmids (Fig. 2) can result
from transposition in either the deletion- or the inversion-
generating alignments, what determines which transposition
product is formed? The simplest model predicts random
alignment of DNA sequences, with both products arising at
equal frequencies. However, deletions were more frequent
than inversions (37 deletions versus 6 inversions; Table 2). It
is possible that topological constraints (32) specifically favor
the formation of just one type of product. However, it is also
possible that some deletions arise by abortive transposition
(Fig. 5). This would be an in vivo equivalent of the exonu-
clease III-SI in vitro method for making nested deletions
(25). It would entail the following: (i) binding of transposition
proteins to just one, instead of both, transposon ends; (ii)
cleavage at that transposon-vector junction; (iii) incomplete
exonucleolytic erosion of the adjacent unprotected DNA;
and (iv) spontaneous ligation of the ends to regenerate viable
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0.3 kb 1.8 kb sacB

end end

38kb an sok, PBR322

11 —

12

14 5 S —

16,17

FIG. 4. Positions of deletion endpoints. The relevant segments of plasmids I-a and II-a are shown. Thin horizontal lines and arrows
indicate segments left after deletion. The precise endpoint sequences of these deletion mutants are presented in Table 3.

plasmids. Such abortive transposition might explain dele-
tions in vector segments adjacent to a synthetic Tn5 element
obtained in selections different from those used here (R. Jilk
and W. S. Reznikoff, personal communication) and the very
rare deletions found adjacent to a single IS/0 element (16).
However, inversions cannot arise by abortive transposition,
since they contain the entire transposon, albeit rearranged.

‘ Ligation

1
o D
FIG. 5. Abortive transposition model. Cleavage adjacent to one

transposon end, exonucleolytic erosion, and then ligation could
explain some transposon-associated deletions.

Because inversions account for about 15% of the rearrange-
ments with endpoints in sacB, abortive transposition, if it
occurs, is not likely to be responsible for all of the deletions
obtained.

Regardless of how IS50-mediated deletions arise, they
extend from a fixed point (the transposon end) to many
different sites in target DN As. Sets of nested deletions are
useful for studies of gene function, for mapping, and for
DNA sequencing. A Tn5-based in vivo deletion strategy
should compare favorably with one based on IS/ (Tn9) (1),
because Tn5 insertion is more nearly random than IS/
insertion (3, 8, 12; this work). The efficient isolation of
deletions also depends on a good selection, because dele-
tions are quite rare. In the IS/-based system, deletions were
selected by loss of plasmid-borne galK* and galT* genes in
a galE host strain(1). However, sacB promises to be more
useful: it confers high sensitivity to sucrose, which is inex-
pensive and nontoxic; it is smaller than galK and galT; and
it can be selected against very strongly in E. coli and other
gram-negative species, without need for special chromo-
somal mutations (13, 24). Although several types of muta-
tions were obtained among Suc’ colonies, only deletions
were obtained among Suc” Kan® colonies. Thus, we antici-
pate that plasmids that contain synthetic Tn5 cassettes,
sacB, a second contraselectable or indicator gene, and a
multiple cloning site will be valuable deletion factory vectors
for functional and DNA sequence analyses of cloned DNAs.
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