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ABSTRACT We have isolated a 9.6-kilobase conjugal
transposon, Tn4399 from Bacteroidesfragilis, that is capable of
mobilizing nonconjugal plasmids in cis. Here we characterize
the ends ofthe transposon, its target-site requirements, and the
products of transposition into the B. fragils chromosome and
two sets ofB. fragilis-Escherichia coi shuttle vectors. With the
exception ofan additional cytosine residue in the left end, there
are perfect 13-base-pair (bp) inverted repeats at the ends of
Tn4399. Insertion of Tn4399 resulted in a 3-bp target-site
repeat in 8 out of 12 independent transpositions and showed a
high insertion-site specificity. A remarkable feature of Tn4399
insertions is the presence of an additional 5 bp located between
the right inverted repeat and the target-site repeat. Four
sequence variations of the 5 bp were found, with absolute
conservation at positions 1, 2, and 5. Only two of the variations
were present injunction fragments of all three copies ofTn4399
contained in the chromosome of the original donor strain, B.
fragils TM4.2321. Tn4399 appears to represent a new type of
conjugal transposon. In contrast to Tn916 and Tnl545, de-
scribed in streptococci, Tn4399 creates a target-site repeat and
contains an additional 5 bp at the right end only, between the
transposon and the target sequence. In addition, Tn4399 can
mobilize plasmids in cis.

Transposon Tn4399 is a 9.6-kilobase (kb) conjugal mobilizing
transposon from Bacteroides fragilis. It was originally iden-
tified because in B. fragilis-Escherichia coli matings, it
conferred transferability on Tra- derivatives of the autono-
mous transfer factor pBFTM10 contained in the chimeric
plasmid pGAT400 (1). The ability of Tn4399 to mobilize
plasmids in cis contrasts with the other known conjugal
transposons, Tn916 and Tn545 (2, 3), isolated from Strep-
tococcus faecalis and Streptococcus pneumoniae, respec-
tively. While Tn9O6 can transfer itself, it has not been
observed to transfer plasmid pAD2 under similar conditions.
To determine the structure of Tn4399 and the nature of its
transposition products, we sequenced several Tn4399 inser-
tion sites. We used a new series of B. fragilis-E. coli shuttle
vectors (ref. 4 and unpublished data), containing the EcoRI
endonuclease gene under the control of the PR promoter of
bacteriophage A, to isolate Tn4399 insertions into this gene.
The EcoRI gene is nonfunctional in B. fragilis, but its
inactivation by insertion or mutation is required for survival
in an E. coli A nonlysogen. Since the complete sequence of
the EcoRI gene is known (5), it was possible to utilize
oligonucleotide primers homologous to the EcoRI gene to
obtain the sequence of the ends of Tn4399. With this infor-
mation, oligonucleotides specific for the ends of the trans-
poson were used to sequence additional Tn4399 insertion
sites. In addition, we sequenced three independent insertions
ofTn4399 that conferred Tra+ status on pGAT400ABglII. We

also sequenced the ends of the three potential donor sites
from the chromosome of TM4.2321. We report here the
sequence of the ends of Tn4399, its target-site requirements,
and the unique nature of its insertion products.

MATERIALS AND METHODS
Bacterial Strains and Media. The characteristics of the

bacterial strains and plasmids used in this study are listed in
Table 1. Bacteroides strains were grown in supplemented
brain/heart infusion broth (solidified with 1.5% agar when
required) under culture conditions and antibiotic concentra-
tions as described (1).

Plasmid Construction. Plasmids pJST60, -61, and -62 are
B. fragilis-E. coli chimeric plasmids based on the pEcoR251
plasmid used by Southern et al. (7) for cloning B. fragilis
DNA. In addition to a clindamycin-resistance marker, which
can be expressed in B.fragilis, and the pBFTM2006 replicon,
which replicates in B. fragilis, these plasmids contain a
pBR322-derived replicon expressing ampicillin resistance, an
oriT sequence that allows mobilization in trans when plasmid
RP4 or its derivatives are present in the same cell, and the
EcoRI endonuclease structural gene under transcriptional
control of the A rightward promoter, PR. Expression of the
EcoRI protein from the high-copy-number plasmid in E. coli
is lethal to the cell; however, the presence of A in the
chromosome suffices to repress EcoRI expression. A map of
pJST61 is shown in Fig. 1.

Plasmid Transfer Experiments. Filter mating techniques
were as described (1). Donor and recipient cultures were
mixed and the cells were allowed to attach to the surface of
a 0.45-,um Nalgene filter under aerobic conditions, then the
filters were incubated overnight under anaerobic conditions.
Transfer frequencies were calculated by dividing the number
of antibiotic-resistant transconjugants by the number ofinput
donor cells.

PreparationofPlasmidDNA, Restriction Endonuclease Anal-
ysis, and DNA-DNA Hybridization Conditions. These were as
described (1).

Cloning of B. fragils Chromosomal DNA. A complete
HindIII digest of CsCl-purified TM4.2321 chromosomal
DNA was electrophoresed in a 0.6% low-melting agarose gel
(FMC). After ethidium bromide staining, regions of the gel
containing specific size classes ofDNA were excised and the
DNA was purified by phenol/chloroform treatment and
precipitated (6). Purified fragments were then ligated into the
single HindIII site ofpEcoR251 and used to transform HB101
to ampicillin resistance.
DNA Sequencing. Nucleotide sequences were determined

by the Sequenase method (United States Biochemical) ac-
cording to the supplier's instructions.
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Table 1. Bacterial strains and plasmids
Strain or plasmid Description Reference

B. fragilis
TMP230 Original source of transposon Tn4399 1
TM4000 Standard recipient strain 1
TM4.2321 Transconjugant of TMP230-TM4000; contains 1

three copies of Tn4399
E. coli HB101 6
Plasmids
pJST60 to -62 B. fragilis-E. coli shuttle vectors This paper
pJST100 to -109 Tn4399 insertion into pJST60, -61, or -62 This paper
pGAT400ABglII Tra- pGAT400 shuttle vector 1
pDWH20 to -22 Tn4399 insertion into pGAT400ABglII This paper
pEcoR251 7

RESULTS
Analysis of the Products of Transposition of Tn4399 to

Plasmids pJST60, -61, and -62 inB.fragifis. Plasmids pJST60,
-61, and -62 were introduced into B. fragilis TM4000 and
TM4.2321 (containing three independent copies of Tn4399)
from E. coli HB1O1(A) cells by RK231 mobilization, as
described (1); selection was for clindamycin resistance. B.
fragilis cells are not killed by the presence of the wild-type
EcoRI gene. TM4.2321 transconjugants containing the pJST
plasmids were mated with nonlysogenic HB101; by selecting
for the transfer ofampicillin resistance, transconjugants were
isolated at 10-8 per input donor. Transfer of the same
plasmids from B.fragilis TM4000 to HB101 was not detected.
Analysis of the products of transfer by restriction enzymes
demonstrated that each plasmid had acquired a single copy of
Tn4399 at various positions within the EcoRI gene. The DNA
sequence of a portion of the EcoRI gene showing the loca-
tions of nine independent Tn4399 insertions is shown in Fig.
1. Each arrowhead represents the insertion of a single Tn4399
from a separate mating.
DNA Sequences of the Ends of Tn4399. To determine the

sequences ofthe ends ofTn4399, we first mapped the position

of Tn4399 in derivative pJST102 by using a series of restric-
tion enzymes. Twenty-base-pair primers containing the se-
quence of the EcoRI gene flanking this insertion were pre-
pared and used to determine the precise site of Tn4399
insertion and the sequences at the ends of the transposon.
Fig. 2 shows the DNA sequences of the right and left ends of
Tn4399 within the EcoRI gene in pJST102. With the excep-
tion of an additional cytosine residue in the left end, the ends
consist of 13-base-pair (bp) inverted repeats. An additional 8
bp between the right terminus and the EcoRl structural gene
were also detected; the significance of these bases will be
discussed below.

Sequences of Nine Sites of Tn4399 Insertion into the EcoRI
Gene. We used 20-bp primers corresponding to unique se-
quences at the left and right ends of Tn4399 (Fig. 2) to
determine the sequences of eight additional Tn4399 insertion
sites (Fig. 3 Upper). In each case the left inverted repeat
begins precisely after the target site. However, in every case,
there are an additional 8 bp between the right inverted repeat
and the target site. In five of the nine sequences, the last 3 bp
of the 8 bp added match the 3 bp immediately adjacent to the
left inverted repeat; this may represent a 3-bp target-site

JST101 JST106 JST100 JST103
JST107 ' JST104

520 i 560 670 JST108 700

... TATGA GCTTTAAAAAAAATTGACCCTGATCTTGGCGGTACTTTATTTGTTTCAAA ..... TAAAGATATTATAAATATAAGGAATGGTTTGT....
% A TI^M ^ rzm
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_-

B2
E H I Hi
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pBFTM
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FIG. 1. (Upper) Sites of Tn4399 insertion into the EcoRI gene of pJST60, pJST61, and pJST62. Base numbering for the EcoRI sequence is
according to ref. 5. Vertical arrows indicate the sites ofTn4399 insertions and their isolation numbers; the arrows above the line denote insertions
with orientation LTR . .. RTR (LTR, left terminal repeat; RTR, right terminal repeat), while the arrow below the line (pJST109) denotes the
opposite orientation. The underlined "hot spot" corresponds to the site at which five of the insertions occurred. (Lower) A partial restriction
map of pJST61 indicating the components of the shuttle vector and the position of the EcoRI gene. pJST62 differs from pJST61 only in the
orientation of the B. fragilis replicon; the B. fragilis replicon of pJST60 is in the same orientation as in pJST61. pJST61 and pJST62 both differ
from pJST60 in that a 1.0-kilobase Cla I fragment containing the aerobic tetracycline-resistance gene and insertion sequence IS4400R has been
deleted (4). Resistance to clindamycin and ampicillin are provided by the ermF and bla genes, respectively. Restriction sites: A, Ava I; E, EcoRI;
H, HindIlI; C, Cla I; H1, BamHI; B2, Bgl II.
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Tn4399
LINT END 5' -----3'
AATATCTCAAATCTCTGGAATAAACGAATAAAAAGGGAGAATGGCATTGAATGGCTTATGAATAAAGCAATTGCGAGGACAGGCGA.
(IcoRI) *** LTR Left Primer

Tn4399
RIGHT END 5' -----3'
.... CGGGTATTCCACCCAAAGCCTTTGTGATALGGCGATALAGAAATTTATTCCAGAA CTJ aATAACaAGACCAGATG

ff~~~~~~~~ i*** (SoRight Primer RTR ~-*** (EcoRI)

FIG. 2. DNA sequences of the right and left ends of Tn4399 inserted into the EcoRI gene of pJST102. LTR, left terminal repeat; RTR, right
terminal repeat. Left and right primers indicate the unique DNA sequences used to sequence Tn4399 insertions. (EcoRI), DNA sequence of
the EcoRI endonuclease gene (5). The box encloses the 5 additional bases, and asterisks indicate the target-site repeats within the 8 additional
bases between the right terminal repeat and the EcoRI sequence.

repeat. The target-site sequences were A+T-rich and the
target-site repeats always contained the sequence AA at
positions 2 and 3. The remaining 5 bp between the right
inverted repeat and the 3-bp repeat represented four different
sequences (Table 2). The first, second, and fifth positions
were conserved in all cases, but variability was observed at
positions 3 and 4. Five independent Tn4399 insertions oc-
curred at a hot spot within the EcoRI gene (see Fig. 1). Three
5-bp sequences were found among insertions into this hot
spot: TAAGA, TACTA, and TACGA.

Sequences ofThree Tn4399 Insertions into pGAT400ABgII.
The same oligonucleotide primers were used to sequence
three Tn4399 insertions into pGAT400ABglII, which con-

ferred transferability on the previously Tra- plasmid (1). The
results are presented in Fig. 3 Lower. In these cases the
sequence of the DNA target site is not known. Nevertheless,
the sequences at the junction of Tn4399 and the target site
show the same basic pattern as the Tn4399 insertions into the
EcoRI gene: 3-bp repeats flanking the transposon, an addi-
tional 5 bp between the right inverted repeat and the 3-bp
target-site repeat, and an A+T-rich target site. The 5 added
bases observed in these three cases are the same as those
observed for Tn4399 insertions into the EcoRI gene.

Cloning of the Tn4399 Junction Sites from the Chromosome
of B. fragiUs TM4.2321. The variability of the 5 bp located
between the right inverted repeat and the target-site repeat

Tn4399Insertion
Number

In EcoRT gene

TATTATAAATCTCTGGAATAAA....... TTTATTCCAGAA' FACGI TAAATATAAGG
1***

TAAATGAAATCTCTGGAATAAA ....... TTTATTCCAGAAITAAC1GAAGCTTTAAA
TATTATAAATCTCTGGAATAAA ....... TTTATTCCAGAA1 AAGIAAAATATAAGG

***' ~~~~~~~~~~~***
ACAAATAAATCTCTGGAATAAA ....... TTTATTCCAGAA41ACTSjAAAGTACCGCC

ATTATAAAATCTCTGGAATAAA....... TTTATTCCAGAAI ACG1AAATATAAGGA
*** ~~~~~~~~~~~***

TATTATAAATCTCTGGAATAAA....... TTTATTCCAGMA4ACTSjAAAATATAAGG

TTAAAAAAATCTCTGGAATAAA....... TTTATTCCAGAA AAGPAAAAATTGACC

TATCTCAAATCTCTGGAATAAA....... TTTATTCCAGAAT ACTS1AAATAACAAGA

ATTATAAAATCTCTGGAATAAA....... TTTATTCCAGAAT*AAGAAATATAAGGA

TTACAAAAATCTCTGGAATAAA....... TTTATTCCAGAATTACGAAAAAGTATTC

AAACGGAAATCTCTGGAATAAA....... TTTATTCCAGAAT TAACPIAAATTTCTCG

ATAAAAAAATCTCTGGAATAAA....... TTTATTCCAGAATTAAGAAAACTTTTTGC

FIG. 3. DNA sequences of the junction regions of 12 Tn4399 insertions. (Upper) The sites of insertion of JST100-109 are given in Fig. 1.
(Lower) DHW20-22 are insertions into pGAT400ABglII (1). Abbreviations are as in Fig. 2. The target-site repeats are indicated by asterisks;
the 5-bp regions are boxed.
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In pGAT400ABg1II
51 ---- 31

DWH20

DWH21

DWH22
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Table 2. Sequence and occurrence of the 5-bp regions
Sequence No. of copies No. of products
(5' -. 3') in TM4.2321 of transposition
TAAGA 2 4
TAACA 1 2
TACTA 0 3
TACGA 0 3

could result if several Tn4399 elements with different 5-bp
regions were involved in the transposition events. We pre-
viously demonstrated that the chromosome of the donor cell
used as the source of Tn4399 contains three unlinked copies
of the transposon (1). To determine the DNA sequence at the
sites of insertion in TM4.2321, we cloned all of the Tn4399
junction fragments from this strain. Purified fragments from
HindIII-digested chromosomal DNA of TM4.2321 were
cloned into the pEcoR251 plasmid. Transformants were
screened by colony blot hybridization using cloned 32p-
labeled left and right ends (pDWHllL and pDWH12R) of
Tn4399 as probes (1). Colonies showing homology were
purified, and their hybridization was confirmed by using
partially purified plasmid DNA. Restriction analysis of plas-
mid DNA confirmed that three different chromosomal frag-
ments corresponding to the right junctions and three corre-
sponding to the expected left junctions were obtained. In
addition, a fourth clone showing weak homology with the left
probe was also obtained.

Sequences of the Tn4399 Insertion Sites in B. fragilis
TM4.2321. CsCl-purified DNA of the cloned junction frag-
ments from TM4.2321 was used for DNA sequencing. Fig. 4
presents the sequences obtained. The underlined bases rep-
resent the inverted repeats at the left and right ends. The region
to the right of the right inverted repeat in the three junction
fragments contained two of the four previously identified 5-bp
regions: TAAGA (isolated in two junction fragments) and
TAACA. The three left inverted repeat junctions did not show
any bases corresponding to the 5-bp regions identified in the
right junction fragments of the chromosomal or plasmid in-
sertion sites. They presumably represent flush junctions ofthe
left inverted repeat with the chromosomal target site. A fourth

RIGHT
JUNCTIONS:

R-1

R-2

R-3

TTTATTCCAGAATTAACGAAATCC
RTR

TTTATTCCAGAA AAGAACGGCC
RTR

TTTATTCCAGAAT AAGA AAAATCTT
RTR

LEFT
JUNCTIONS:

L-1 - TTTTACGAAAAATCTCTGGAATAAA
LTR

L-2 - AGATAAGAAAAATCTCTGGAATAAA
LTR

L-3 - AAATACGATAAATCTCTGGAATAAA
LTR

L-W - ACTTAATCAAAATCTCTGGAATAAA
LTR

FIG. 4. DNA sequences of the right and left junction regions of
the three copies ofTn4399 in TM4.2321. R1-R3 are the rightjunction
fragments; L1-L3 are the left junction fragments. L-W indicates the
fourth fragment, showing weak homology to the left-hand probe.
Abbreviations are as in Fig. 2.

clone, L-W, showing weak homology with the left-hand probe
differed from the previous three but exhibited a similar orga-
nization. The insertion sites in the TM4.2321 chromosome are
A+T-rich regions, and each junction contains adenine resi-
dues at positions 2 and 3 of the proposed 3-bp target site
repeat. (However, since the chromosomal sites have not been
sequenced, we do not know which left-hand sequence goes
with which right-hand fragment.)

DISCUSSION
Tn4399 is a conjugal transposon isolated from B. fragilis with
the unusual property of causing the transfer of nonconjugal
plasmids in cis. We have now determined the structure of the
ends of this transposon and analyzed its target-site require-
ments and the products of its insertion into the chromosome
of B. fragilis TM4000 and the plasmids pGAT400ABglII and
pJST60, -61, and -62.
The ends of Tn4399 are perfect 13-bp inverted repeats with

an extra residue within the left inverted repeat. This property
is shared with most simple transposons, which have short or
long imperfect inverted repeats at their termini (8).
The insertion of Tn4399 results in a 3-bp target-site repeat

in 8 out of the 12 insertions reported here. The only variability
occurs at position 1 of the 3-bp repeat, in which we find the
substitution of an adenine in the right-hand copy for a
thymine, cytosine, or guanine residue in the target sequence
present at the left end. The target site is A+T-rich and
consists of at least two adenine or two thymine residues. This
results in a consistent AA or TT sequence at positions 2 and
3 of the target-site repeat. Five out of nine independent
insertions in the EcoRI gene occurred within the same target
site (ATATTATAAATATA) but at two different positions.
This nonrandom distribution of events into a certain highly
A+T-rich region suggests that this site is an insertional hot
spot. There is a remarkable orientation preference for inser-
tions within the EcoRI gene carried by pJST61; eight of nine
have occurred with the orientation Tn4399LTR ...

Tn4399RTR (where LTR and RTR are the left and right
terminal repeats) with respect to the direction of transcription
of this gene. A-T target-site preference is common to many
other transposons; 3-bp target-site repeats are rare but occur
after transposition of the Tam transposons of maize (9) and
have been reported for a single sequenced insertion site of
insertion sequence IS4351 from pBF4 of B. fragilis (10).
A unique feature of Tn4399 is the presence of an additional

5 bases between the end of the right inverted repeat and the
target site. The sequence of the 5 bases varies only at the third
and fourth position, with limited substitution resulting in four
different combinations. There must be at least one G-C pair
within the 5 bp, at position 3 or 4 or both. Insertion of Tn4399
into a target-site hot spot within the EcoRI gene leads to the
formation of three different 5-bp sequences. In addition, the
insertion of Tn4399 into the chromosome of B. fragilis
TM4000 or into plasmid pGAT400ABglII or plasmid pJST60,
-61, or -62 gave rise to the same 5-bp sequences. These results
imply either that the sequences of these 5-bp regions reflect
the strict conservation of four different donor sites and are
part of the transposon or that the variability is introduced
during the transposition process. Analysis of the three right
junction fragments obtained from the original Tn4399 donor,
strain TM4.2321, showed only two patterns of the 5 bases,
TAAGA and TAACA. This suggests that there is conserva-
tion of the 5 bp at the right end of the transposon but that there
can be occasional variation at positions 3 and 4. This expla-
nation is supported by the fact that the one copy of Tn4399
in TMP230 with a unique 5-bp sequence results in three
copies with two 5-bp combinations of TM4.2321. An alter-
native explanation for the additional bases would be that the
first 2 residues, TA, are actually part of the right end of the
inverted repeat. This would leave only 3 additional bases

Biochemistry: Hecht et al.
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between the right inverted repeat and the target-site repeat.
However, we favor the first hypothesis.
The structure at the right end of Tn4399 is unique to this

transposon. Conjugal transposons Tn916 from S. faecalis and
Tn1545 from S. pneumoniae have been reported to contain an
additional 4 random bases at either end of the transposon (11,
12).
The mechanism of Tn4399 transposition is unknown, as is

the process that introduces the variation in the 5-bp regions.
We can postulate that the 5-bp region plays an important role
in transposition, serving perhaps as the site of transposase
action leading to a staggered cut of the transposon and a 3-bp
staggered cut ofthe target sequence. The variability would be
introduced as a result of mismatch fill-in of the resulting
single-stranded regions. Why variability is limited only to the
rightjunctions and only to positions 3 and 4 ofthe 5-bp repeat
and position 1 of the target-site repeat on the right side is not
clear.
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