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Excision is probably the initial and rate-limiting step of
the movements of conjugative transposons of Gram-
positive bacteria such as Tn916 and TnlS45. We have
shown, by molecular cloning and DNA sequencing, that
a 2058 bp Sau3A right-junction fragment of transposon
Tnl545 specifies two gene products that are involved in
the excision of the element. The DNA sequence of these
genes, designated orfl and orj2, has been detennined and
the corresponding proteins, ORFi and ORF2, have been
identified in a bacterial cell-free coupled transcrip-
tion-translation system. These proteins are freely
diffusible since they are able to trans-complement in vivo
a deletion derivative of TnlS45 defective for excision.
Using an in vivo complementation assay, we have
demonstrated that ORF2 alone is able to catalyse excision
and that ORFi strongly stimulates the activity of ORF2.
We also found that ORFi and ORF2 display local
homology with, respectively, proteins Xis and Int from
lamboid phages, which suggests that these excision
systems have a common origin. Based on the functional
properties of the integrase of bacteriophage X, on the
analysis of the nucleotide sequence of the junction
fragments and of the target before insertion and after
excision, a model is proposed for ORF2-catalysed excision
of Tn1545 and related conjugative transposons.
Key words: conjugative transposon/excision/site-specific
recombinases/Streptococcus pneumoniaelTn1545

Introduction
The conjugative shuttle transposon Tn]545, originally
detected in the chromosome of Streptococcus pneumoniae
BM4200, confers resistance to kanamycin and structurally
related aminoglycosides (aphA-3), to macrolide-lincosamide-
streptogramin B type (MLS) antibiotics (ermAM) and to
tetracycline (tetM) (Courvalin and Carlier, 1986). This
25.3 kb element is self-transferable to a large variety of
Gram-positive bacteria where it is able to transpose to various
sites and to induce mutations upon insertion (Courvalin and
Carlier, 1986; Caillaud and Courvalin, 1987). Tn1545 also
transposes after cloning in Escherichia coli but conjugal
transfer does not seem to occur (Courvalin and Carlier,
1987). Based on restriction analysis and functional proper-

ties, Tn]545 appears to be related to the conjugative elements
Tn9O6, Tn918 and Tn925 of Enterococcusfaecalis (Franke
and Clewell, 1981; Clewell et al., 1985; Christie et al.,
1987) and to Tn919 from Streptococcus sanguis (Fitzgerald
and Clewell, 1985). These transposons confer resistance to
tetracycline only (tetM) and their size varies from 16.4 kb
(Tn9J6) to 23 kb (Tn9J9).
The nucleotide sequence of the extremities of Tn1545 are

almost identical to those of Tn916 for at least 250 bp
(Caillaud and Courvalin, 1987; Clewell et al., 1988). Unlike
most transposons, these elements are not flanked by terminal
inverted repeated sequences, possess variable base pairs at
their extremities and do not generate a duplication of the
target DNA upon insertion. Another unusual property of
Tn1545 and Tn9O6 is their ability to excise precisely from
the target DNA (i.e. the targets are identical before insertion
and after excision) in Gram-positive and Gram-negative hosts
devoid of homologous recombination system. In the case of
Tn9O6, however, the target after excision can differ from
its original sequence by 3 bp (Clewell et al., 1988). An
excision-insertion mechanism involving a free non-
replicative circular intermediate has been proposed for the
movements (i.e. transposition and conjugation) of Tn916 and
related transposons (Gawron-Burke and Clewell, 1982,
1984; Clewell et al., 1988). The model suggests that,
following excision, the circular intermediate could undergo
intracellular transposition to a new site, could be conju-
gatively transferred to a new host where it transposes, or
could be lost from the progeny during cell division. In sup-
port of this model, a covalently closed circular form of
Tn916 produced in vivo and retaining the ability to undergo
transposition has been recently identified (Scott et al., 1988).
From these data it is clear that a better understanding of

the migration of the conjugative transposons requires further
knowledge on the excision process. Investigation of the
effects of mutational insertions of TnS into Tn9O6 has
revealed that a 1 kb-long region located near one end of the
transposon was essential for excision (Senghas et 'al., 1988).
In this paper we report that the corresponding region in
Tn1545 encodes two gene products that are required for
excision of this element. The DNA sequence of these genes,
designated orf] and orJ2, has been determined and the
corresponding proteins, ORFI and ORF2, were identified
in a bacterial cell-free coupled transcription-translation
system. These proteins are freely diffusible since they are
able to trans-complement in vivo a deletion derivative of
Tn1545 defective for excision. We also demonstrate that
ORF2 alone is able to catalyse excision and that ORFI
strongly stimulates the activity of ORF2. Finally, we show
that ORFI and ORF2 display local homology with Xis and
Int proteins from lambdoid phages respectively, which
suggests that these excision systems derive from a common
ancestor.
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Fig. 1. Restriction and functional map of TnJS45.aphA-3, 3'-aminoglycoside phosphotransferase type III determinant; ermAM, erythromycin
resistance methylase determinant; tetM, tetracycline resistance determinant; orfi and 2, open reading frames 1 and 2 respectively. Arrows indicate
direction and extent of transcription. The deleted regions leading to TnJ545-A 1, -A2, -A3 and -A4 derivatives are represented by heavy black lines.
Each derivative cloned into pUC18 was tested for excision in E.coli DHl: (+), excision; (-), no excision. The excision activity was deduced from
the results presented in Figures 2 and 3.

Results
I I

Localization of the gene(s) involved in the excision of
Tn 1545
Transposon Tn1545 excises at a very high frequency when
cloned on a multi-copy plasmid in recA E. coli strains
(Courvalin and Carlier, 1987). We took advantage of this
property to localize the gene(s) involved in the excision of
this element. Plasmid pIP804 is a non-haemolytic (Hly)
derivative of the streptococcal plasmid pIP964 (Tra+,
Hly+, 57.5 kb) obtained by insertion of Tn1545 (EmR
KmR, TcR; 25.3 kb) into a 1.3 kb EcoRI fragment
(Courvalin and Carlier, 1986). The resulting 26.6-kb EcoRI
fragment of pIP804 (Figure 1) was purified, mixed with
EcoRI-linearized and dephosphorylated pUC 18 DNA,
ligated, introduced into E. coli DH1 by transformation, and
clones were selected on ampicillin. The plasmid content of
12 randomly selected transformants was analysed by agarose
gel electrophoresis of crude bacterial lysates after digestion
with EcoRI. As expected, all the clones were found to
contain a single plasmid consisting ofpUC18 plus the 1.3 kb
EcoRl target fragment of pIP964 (Figure 2, lane 1). The
nucleotide sequence of four target sites obtained after
excision of TnJ545 in independent cloning experiments was
determined and compared with that of the target site prior
to insertion. In three out of four clones studied, the nucleotide
sequence of the target was identical before insertion and after
excision, whereas that of the remaining clone differed by
two substitutions (Figure 3). It therefore appears that excision
of Tn1545, like that of Tn916, can generate nucleotide
substitutions at the target site.
The availability of a restriction map of Tn1545 enables

the location of the region(s) necessary for excision by
generating in vitro deletions (Caillaud et al., 1987). The
purified 7 kb left, and 6.8 kb right EcoRI -Hindll junction
fragments of Tn1545 in pIP804 (Figure 1) were mixed with
EcoRI-linearized and dephosphorylated pUC 18 DNA. After
ligation, the mixture was transformed into E.coli DH1 and
transformants were plated on ampicillin. The plasmid content
of randomly selected clones was analysed as described above.
The restriction profiles obtained with the majority of the
clones (8 out of 12) consisted of pUC18 plus an insert that
comigrated with the EcoRI target fragment of pIP964
(Figure 2, lane 2). The EcoRI inserts present in the
remaining clones were found to consist of dimers of either
the left or the right junction fragment self-ligated at their
HindIl site. Analysis of target sequences obtained

Fig. 2. Detection of excisase activity by analysis of restriction
endonuclease patterns. Plasmids were introduced by transformation into
E.coli DH1 (A) or Ecoli DHl harbouring the excision test-plasmid
pUCl18QTnJ545-A4 (B). After overnight growth (lanes 1-7 and 9) or
serial cultures for 100 generations (lanes 8 and 10), plasmid DNA was
purified and digested with EcoRI (lanes 1-3), EcoRI plus HindIll
(lanes 4-10) and electrophoresed. Incoming plasmid: lane 1,
pUCl8QTnJ545; lane 2, pUCl8f12TnJ545-A1; lane 3,
pUC18OTnJS45-A2; lane 4, pUCl8QTnS45-A3; lane 5,
pUCl8QTnJS45-A4; lane 6, pAT295 (orfJ,orJ2;+); lane 7, pAT296
(orfJ,orJ2;-); lanes 8, 9, pAT297 (orfi); lanes 10,11, pAT298 (or]2).
Bacteriophage X DNA digested by PstI was used as molecular size
standard. The 1.3 kb and 500 bp target fragments resulting from
excision of Tn1545 and deletion derivatives are indicated by open
circles and asterisks respectively.

independently revealed that the transient Tnl545-deletion
derivative constructed, Tn1545-A 1, which consists of the
juxtaposition of the two EcoRI-HindIl junction fragments
of Tn1S45, had excised like the parental element (Figure 3).
This indicates that the two HindIll internal fragments are
not necessary for excision. Various deletions were then
generated in vitro into the EcoRI-HindHi junction fragments
prior to their ligation into pUC 18. The ability of each deletion
transposon to excise in vivo was studied by monitoring the
appearance of target DNA fragments in agarose gel electro-
phoresis and by determining their nucleotide sequence. The
exact location and extent of every deletion is shown in
Figure 1 and the results obtained are summarized in
Figures 2 and 3. TnJS45-A3 (3.9 kb) is the smallest transient
deletion derivative able to excise in vivo (Figure 2, lane 4).
It consists of a 526 bp EcoRI-AccI junction fragment that
contains the left end (185 bp) of Tn1545, a 1.3 kb
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ClaI -HindIII fragment that encodes kanamycin resistance
(aphA-3) and a 2.06 kb Sau3A fragment that contains the
right end (1800 bp) of Tn1545. To construct TnJ545-A3,
we had to delete 800 bp of the original 1.3 kb target
including the right EcoRI site, which leads to a new
EcoRI-HindUI target of 500 bp. Element TnJS45-A4
(2.9 kb), which differs from TnJ545-A3 by a 1 kb deletion
in the left portion of the Sau3A fragment (i.e. internal to
the element), does not excise in the test system used
(Figure 1, Figure 2, lane 5). These results indicate that the
gene(s) involved in the excision process of Tn1545 are
located, at least partially, within the Sau3A junction
fragment.

DNA sequence of Tn1545-A3
The nucleotide sequence of the 1.34 kb ClaI-HindIII
fragment that contains the kanamycin resistance gene aphA-3
has been published (Caillaud et al., 1987). We have
determined the nucleotide sequence of the 526 bp
EcoRI-AccI and 2058 bp Sau3A fragments, which
represent respectively the left and right junction fragments
of the original transposon with the streptococcal plasmid
pIP964.

Target site of pIP964

and after excision of

C C T TTTAT TATTA A AA T C A C7

(3) C C T T T T T T A T T A T T A A A A T C A T T T -

(1) C C T T T T T T A T T T T A A A A A T C A T T T -

(2) C C T T T T T T A T T A T T A A A A T C A T T T 7

(1) C C T T T T T T A T T T T A A A A A T C A T T T -

(I) C C T T T T T T A T T A T T A A A A T C A T T T T

(1) C C T T T T T T A T T A T T A A A A T C A T T T T

(1) C C T T T T T T A T T A T T A A A A T C A T T T T

(2) C C T T T T T T A T T T T A A A A A T C A T T T

Fig. 3. Nucleotide sequence of the target site of pIP964 before
insertion and after excision of TnJS45 and deletion derivatives in
E.coli DH1. The number of target sites sequenced is indicated in
parentheses. Each target site was obtained after independent cloning
experiments. The vertical arrow indicates the site of insertion of
Tn1545. Variable bases are indicated in bold face lettering.
Resequencing of the target site of pIP964 indicated that it contains a

stretch of four adenine residues (ATTAAAATCA) instead of five
(ATTAAAAATCA) as previously published (Caillaud and Courvalin,
1987).

The DNA sequence of the EcoRI -AccI fragment is shown
in Figure 4. Transposon Tn1545 starts at coordinate 341 and
ends at the AccI site (coordinate 526). This 185 bp segment
of Tn1545 does not contain an open reading frame (ORF)
longer than 100 bp on both strands of DNA or a putative
translational initiation site. It is thus likely that this fragment
does not direct protein synthesis.
The nucleotide sequence of the Sau3A fragment is shown

in Figure 5. Analysis of the coding capacity reveals the
presence of two ORFs that utilize the same reading frame:
orfl, which extends from the ATG codon at coordinate 230
to the TAG codon at coordinate 431, and orJ2, which extends
from the ATG codon at coordinate 515 to the TAG codon
at coordinate 1730. In both cases the initiator codon is
preceded by a sequence characteristic of Gram-positive
ribosome binding site (McLaughlin et al., 1981). Open
reading frame orfi could code for a protein of 67 amino acid
residues having a predicted molecular mass of 8100 daltons.
This protein, designated ORF1, is slightly basic (K + R =
13, D + E = 10). Within the 220 nucleotides upstream from
orfi there is no significant homology with the sequences of
promoters from Gram-positive bacteria. To determine
whether ORF1 is an actual protein, the 357 bp TaqI fragment
containing orfJ in its entirety (Figure 5) was cloned in the
AccI site ofpUC 18 generating pAT293. In this construction,
it is likely that orfi is transcribed from the lac promoter of
pUC 18. The proteins specified by pUC18 and pAT293 were
characterized in an in vitro transcription -translation system
from E. coli. One band of - 8000 daltons, which probably
corresponds to ORF 1, is encoded by pAT293 but not by
pUC18 (Figure 6A). The second and larger open reading
frame, orJ2, potentially encodes a 405 amino acid protein
with a calculated molecular mass of 46 925 daltons. The
deduced peptide, ORF2, is highly basic (K + R = 72,
D + E = 55) and was also characterized in an in vitro
transcription-translation system. For this purpose, the
1750 bp long SspI-Sau3A fragment which contains orJ2
(Figure 5) was cloned in the SmaI-BamHI sites of pUC18
to yield pAT294. The transcription of or2 in pAT294 is
probably under the control of the lac promoter of pUC18.
As shown in Figure 6B, pAT294 directs the expression of
three additional proteins as compared to pUC 18. We assume
that the larger band corresponds to ORF2 since its apparent
Mr of 48 000 daltons is in good agreement with that of
46 925 calculated from the predicted amino acid sequence.
The reason for the presence of the two other additional bands

GAATTCGGTTAAACTCTAAAGAAATATTTTTTTCGATAGTTTCATTAAAAATATGCGCATTTTTGATTAACATAAAAAATGTTTCTTCTATT

ATTGCAGTTGTTTGATAAAGGATAGCCTTCATACAATATTTCTCCATTAGAAGTTGTAACATCCAGCCAATAGTTTTAGTAAAGTAGATT
100

TCCCTGACCCACTTCTACCAACAATAGCAACTTTATCCCCTTTTCTTATGTCAAAAGAAATACCATTTAAAATATTTTTTTCAAAACAG
200

ATATAGTATAGTAAACATTATTAACCCTATAAATAAACTCTTCTTTTCCAACATTTCCTTTTTTATTTTAAAAAATAGCATAAAATCTA
300 DRI

CTTATCCGCATAAAAACTGGACTTATCACACTTTATCAAGGTCAAAACCACTCAATTTACTACTAATTTACTACTTATGATGAGCTTTG
DR1 400 DR2 DR2

AccI

ATACGACGATTTATCCTTGAAAAGTGAAGATATAAAGATACTTCCAATAAAATTTGAATATTTAATAGGTCGAC
. . . 500 526

Fig. 4. DNA sequence of the 526 bp EcoRI-AccI junction fragment containing the left end of Tn1545 in pIP804 (pIP964::Tnl545) (Caillaud and

Courvalin, 1987). Numbering begins at the first base pair in the sequence. The nucleotide sequence of pIP964 is framed. Direct repeats (DR) are

depicted by horizontal arrows.
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Sau3A
GATCCGAGAAGCAA7CTTT AGA^AGcrRG"-,A AA'-",A-AA----. -AAA CA-'AC-A--CA- A AATAG-C-7-=ACCOTSA7A

AAACCGTCGCAGGCAATGAOTA7G.CTA A 'ACAACCATcCAcCTOOAAC AGCT:TOCTAAACO-TT-COA?TTCT-OTA
I0CC ORF1 T.aq'

RBS Xet.iys-2Th-Asp-Io?ProI eTrrCuArqTyr hr Le
AAACAACTTTTATGAAATCCAAAT"AA---GAT-T-TAAA-AAO-CATTr-,'A'-CAAC-AGAC- ACA-ATT---TATT--CGAACOTTATACCGTA

* 200 . .*..I.
ThrI1eG1uGIuA1aserLysTyrpheArqITeG1y-IuAs2Lys1e-ArqArog e;A'a G'I',Asr'ysAsnAlaAsnTrpLeuIle
ACCATTGAAGAAGCGTCAAAATATT-TCGiTA7-TT--C-AAAACAA-CTACGAC- UC---k-AOAG AAAATAAAAA7CCAAATTGOCTGATT

SspI 3CC
SMetAsnGlyAsnArgIieGonIleLysArgLys-inPheGiuLysIIeIIeAspT.hrLeuAspA1aI1e**,

ATGAATGGCAATCGTATTCAGAsTAAACGAAAACAATTTGAAAAAA'-TATAGATACATTOGACOCAATCTAOCGTCGCCAAAGGGTCTTG
40C ORF2

RBS MetSerGluLysArgArgAspAsnLys
TATATGATAAAATAGTATTAAGTCGTATCAAGGCTCTTTCCATAAAGOAAAGGAGCAAATGCCATGTCAGAAAAAAGACGTOACAATAAA

500
GlyArgIleLeuLysThrGlyGluSerGlnArgLysAspGlyArgTyrLeuTyrLysTyrleAspSerPheGIyGluProGlnPheVal
GGTCGAATCTTAAAGACTGGAGAGAGCCAACCAAAAGACGOAAGATACTTATACAAATATATAGATTCA-.TTGGAGAACCOCAATTTGTT

TaqI . . 600
TyrSerTrpLysLeuValAlaThrAspArgValProAlaClyLysArgAspCysTleSerLeuArqGluLysTleAlaGluLeuGlnLys
TACTCGTGGAAACTTGTGGCTACAGACCGAOTACCAGCAGOAAACCGTGATTGTATCTrCACTTAGAGAGAAAATCGCAGAOTTACAGAAA

. . . . 70C
AspIleHisAspGlyIleAspValValGlyLysLysMetlThrL.euCysGlnLeuTyrAlaLysGinAsnAlaGlnArgProLysValArg
GACATTCATGATGGTATTGATGTTGTAGGAAAGAAAATGACACTCTGCCAGCTTTACGCAAAACAGAACGCTCAAAGACCAAAGGTTAGA

* . . .* 800

LysAsnThrGluThrGlyArgLysTyrLeuMetAsplieLeuLysLysAspLysLeuGlyValArgSerIleAspSerIleLysProSer
AAAAACACTGAAACTGGACGCAAATATCTTATGGATATTTTGAACAAAOACAAGT'TAGGTGTAAGAAGTATT.GACAGTATTAAGCCATCA

90C
AspAlaLysGluTrpAlaIleArgMetSerGluAsnGlyTyrAlaTyrGlnThrIleAsnAsnTyrLysArgSerLeuLysAlaSerPhe
GACGCTAAAGAATGGGCTATTAGAATGAGTGAAAATGGTTATGCTTATCAAACCATCAATAACTACAAACGTTCTTTAAAGGCTTCATTC

DraI

TyrIleAlaIleGlnAspAspCysValArgLysAsnProPheAspPheGlnLeuLysAlaValLeuAspAspAspThrValProLysThr
TATATTGCTATACAAGATGATTTGTGTTCGGAAGAATCCATTTGACTTTCAACTGAAAGCAGTTCTTGATGATGATACTGTCCCTAAGACC

1000 . . . .
ValLeuThrGluGluGlnGluGluLysLeuLeuAlaPheAlaLysAlaAspLysThrTyrSerLysAsnTyrAspGluIleLeuIleLeu
GTACTAACAGAAGAACAGGAAGAAAAACTGTTAGCCTTTGCAAAAGCTGATAAAACCTACAGCAAAAA-TTATGATGAAATTCTGATACTC

* Domain I * * i
LeuLysThrGlyLeuArgIleSerGluPheGlyGlyLeuThrLeuProAspLeuAspPhecluAsnArgLeuVaLAsnIleAspHisGln
TTAAAAACAGGTCTTCGTATTTCAGAGTTTGGTGGTTTGACACTTCCAGATTTAGATTTTGAGAATCGTCTTGTCAATATAGACCATCAG

1200
LeuLeuArgAspThrGluIleGlyTyrTyrIleGluThrProLysThrLysSerGlyGluArgGlnValProMetValO luGluAlaTyr
CTATTGAGAGATACTGAAATTGGGTACTACATTGAAACACCAAAGACCAAAAGTGGCGAACGOTCAAGTTCCTATGGTTCT,AAGAAGCCTAT
* ~~~~~13CC0

GlnAlaPheLysArgValLeuAlaAsnArgLysAsnAspLysArgValGl uI leAspGlyTyrSerAspPheLeuPheLeuAsnArgLys
CAAGCATTTAAGCGAGTGTTAGCGAATCGAAAGAATGATAAGCGTGTTGAGATTGATGGATATAGTGAT'TTCCTCTTI CTTAATAGAAAG
* ~~~~~~~14CC0

AsnTyrProLysValAlaSerAspTyrAsnGlyMetMet LysGlyLeuvlaliLysLysTyrAsnLysTyrAsnGluAspLysl,euProHis
AACTATCCAAAAGTGGCAAGTGATTACAACGGCATGATGAAAGGTCTTGTTAAGAAATACAATAAGTATAACOAGGATAAATTGCCACAC
+** Domain II

IleThrProHisSerLeuArgHisThrPheCysThrAsnTyrAlaAsnAlaGlyMetAsnProLysAlaLeuGlnTyrIleMetrlyHis
ATCACTCCACATAGTTTGCGACATACATTCTGTACCAACTATGCAAATGCAGCAATGAATCCAAAGGCATTACAGTACATTATGGGACAT

* . + .. 16CC
AlaAsnIleAlaMetThrLeuAsnTyrTyrAlaHisAlaThrPhoAspSerAlaMet Alao1luMetLysArgLeuAsnLysG'u'LysGIn
GCTAATATAGCCATGACGCTGAACTATTACGCACATCCAACATTCGATTCPGCAATOCCAGAAATGAAACGCTTGAATAAAOAOAAG?AA

* . . . 1700
G1nGluArgLeuVa1Ala******
CAGGAGCGTCTTGTTGCTTAGTAGTACAAATGAATTTACI'ACTTATTTACCACTTCTGACAGCTAAGACATOAGGAAATATOCAAAGAAA

DR2 D .CR 180C

CGTGAAGTATCTTCCTACAGTAAAAATACTCGAAAGCACATAGAAiAO,AGGC7'T:A'AC-ACAT.'ITAAGAAAAATAAAAAAA,2'ATAA-TACAA

ATTTATACTTTGTTTATT'ATTAAAATCATTTTT-TCTTCATAAGT'TAAAAC7'T('AG-AT,AAT-TTTT1--AAAATAT.ACATTTAATAI-7A-A4AA
1900

GTCATTATAAGAGGAAACCAAACTTAGAATTG_CTTCA'TAACCA7TGTTAC-'IATACA\AA-AAACCA-ATA-TA,ATC
2000 . . 2058

Sau3A

Fig. 5. DNA sequence of the 2058 bp Sau3A fragment containing the right end of Tn1545 in pIP804 (pIP964::TnlS45) (Caillaud and Courvalin,
1987). Numbering begins at the first base pair in the sequence. The nucleotide sequence of pIP964 is framed. The ribosome binding sites (RBS) of
orfi and orJ2 are underlined. The deduced amino acid sequences of ORFI and ORF2 are presented above the DNA sequence. Domains I and II or
ORF2 are delineated by vertical arrows. Direct repeats (DR) are depicted by horizontal arrows. Only relevant restriction sites are shown.
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Fig. 6. Autoradiogram of [35S]L-methionine labelled polypeptides
specified in vitro by pAT293 (orfl), pAT294 (or2) and pUC18. The
proteins were electrophoresed in 15% (A) or 12% (B) polyacrylamide
gels containing SDS. The positions of ORFI, ORF2 and TEM-1 (pre
f-lactamase) are indicated.

is not known. It is, however, likely that they both corres-
pond to truncated versions of ORF2 since there is no large
open reading frame on either strand of the SspI DNA frag-
ment other than ORF2.

Homologies between site-specific recombinases and
ORFl and ORF2
To determine the possible functions of ORFI and ORF2,
we screened the pseqlP library for homologous sequences
using the FAST program of Lipman and Pearson (1985).
Sequence homology was found between ORF1 and the
carboxyl terminal half of Pin from E.coli. The alignment
in Figure 7A shows that of the 67 possible amino acid
matches, 16 (24%) are identical and seven others (10.5%)
are accepted replacements (Dayhoff and Schwartz, 1978),
which gives a total of 35.5% homology. Pin belongs to the
structurally homologous Hin-related site-specific recom-
binases (Garnier et al., 1987) and catalyses the inversion
of a 1800 bp region of the E.coli chromosome (Plasterk
et al., 1983). The homology between ORFI and other Hin-
related site-specific recombinases is lower than that with Pin.
We also detected homology between the amino-terminal half
of ORFI and those of Xis excisionases of bacteriophage P22
(Figure 7B), and also to a lesser extent, of phages X and c80
(data not shown). These three Xis proteins are required for
normal excision of the corresponding phage and homology
among their amino acid sequences is limited to these positions
in the amino-terminal region (Leong et al., 1986).
No homology was found between ORF2, the Hin-related

and Xis proteins, and the search for homologous sequences
in the pseqlP library was unsuccessful. Because of the
potential role of ORF2 as a site-specific recombinase, we
looked for local regions of homology with the Int-related
proteins. This group of proteins comprises phage-encoded
integrases, transposon-encoded peptides (transposase and
resolvase) and DNA invertases. Although these proteins
display an overall sequence diversity, they can be aligned
in their C-terminal halves where two domains (I and II),
thought to be involved in their active site, are particularly
well conserved (Argos et al., 1986). In particular, a histidyl,
an arginyl and a tyrosyl residue are perfectly conserved in

1 100 120 140
Pin M--//---MGRFFFHVMGALAEMERELIVERTKAGLETARAQGRIGGRR

* 0o* 0

ORF1 MKQTDIPIWERYTLTIEEASKYFRIGENK
20

160 184
Pin PKLTPEQWAQAGRLIAAGTPRQKVAI IYDVGVSTLYKRFPAGDK

o * o*** * 00 0 **

ORF1 LRRLAEENKNANWLIMNGNRIQIKRKQFEKIIDTLDAI
40 67

B

20 40 67
ORF1 MKQTDIP IWERYTLTIEEASKYFRIGENKLRRLAEENKNA--/ /--COOH

* 0**00** 0 O* 118
Xis (P22) MESHSLTLDEACAFLKISRPTATNWIRTGRLQ--//--COOH

20 32

Fig. 7. Comparison of ORFI amino acid sequence with those of (A)
Pin from E.coli (Plasterk et al., 1983) and (B) Xis from bacteriophage
P22 (Leong et al., 1986). Stars indicate identical residues and open
circles indicate chemically similar residues: I-L-V-M, D-E, R-K, Q-N,
S-T and F-Y (Dayhoff and Schwartz, 1978).

domain II (Figure 8). This invariant tyrosyl residue is likely
to be covalently linked to the DNA during recombination.
Interestingly, these two conserved regions were found in
ORF2 at the same relative position. Domain I extends from
the tyrosine at coordinate 213 to the glutamic acid at
coordinate 240 and domain II extends from the histidine at
position 342 to the alanine at position 300 (Figures 5 and
8). This finding strongly suggests that ORF2 belongs to the
family of Int-related site-specific recombinases.

In vivo properties of ORF1 and ORF2
To get an insight into the respective properties of ORFI and
ORF2, we investigated the possibility that excision of the
cloned derivative element TnJ545-A4 (which lacks both orfi
and orf2) could be achieved by providing ORFI and/or
ORF2 in trans on a separate plasmid. We therefore cloned
the 2058 bp Sau3A fragment encoding ORFI and ORF2 in
both orientations in pHSG576, a low copy number plasmid
compatible with pUC (Takeshita et al., 1987). In plasmids
pAT295 and pAT296, orfi and of2 are oriented clockwise
(+) and counterwise (-) relative to the direction of
transcription of the lac promoter of pHSG576 respectively.
We also inserted in the same vector the 368 bp TaqI fragment
encoding ORFI (Figure 5) and the 1.8 kb SspI-Sau3A
fragment encoding ORF2 (Figure 5) to yield pAT297 and
pAT298, respectively. In both plasmids, orfi and orJ2 are
oriented clockwise (+) relative to the external lac promoter.
Plasmid pHSG576 and derivatives were independently
introduced by transformation into E. coli DH1 harbouring
the compatible excision tester plasmid pUC18QTnJS45-A4.
The plasmid content of overnight transformant cultures
grown in presence of ampicillin (selective marker of
pUC18( TnJS45-A4) plus chloramphenicol (selective marker
of pHSG576 derivatives) was analysed by agarose gel
electrophoresis following digestion by EcoRI plus HindHI.
Excision was deduced from the appearance of the specific
500 bp target DNA fragment and the results are summarized
in Table I. Plasmid pAT295 (orfl,orJ2; +) was able to trans-
complement excision of TnJS45-A4 (Figure 2, lane 6),
whereas pAT296 (orfl,orf2; -) was not (Figure 2, lane 7).
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Domain I

Int (O) NH2 -//- 199 rlameLavvTGqRvgdlcemkwsdivdg 226 - // -

Int (080) NH2 -//- 243 vflvkfimlTGcRtaEirlserswfrld 270 -/ -

Int (P2) NH2 -//- 181 kkiaiLclsTGaRwgEaarLkaeniihn 208 - // -

Int (P4) NH2 -//- 232 miavkLsllTfvRsSElrfarwdefdfd 259 -/ -

Int (P22) NH2 -//- 202 ksvvefalsTGlRrSniinLewqqidmq 230 - // -

Int (186) NH2 -//- 191 etvvriclaTGaRwSEaesLrksqlaky 218 -/ -

Cre (P1) NH2 -//- 205 tagvekalslGvtklverwisvsgvadd 232 - // -

D protein (F) NH2 -//- 70 kmllatlwnTGaRinEalaLtrgdfsla 97 - // -

Fim B NH2 -//- 35 ycltlLcfihGfRaSEicrLrisdidlk 62 - // -

Fim E NH2 -//- 29 yclilLayrhGmRiSElldLhyqdldln 56 - // -

ORF3 (Tn2603/R46) NH2 -//- 135 rlfaqLlygTGmRiSEglqLrvkdldfd 162 - // -

TnpA (Tn554) NH2 -//- 186 klilmLmyegGlRigEvlsLrledivtw 213 - // -

TnpB (Tn554) NH2 -//- 351 atmtmivqecGmRiSElctLkkgclled 378 - // -

TnpI (Tn4430) NH2 -//- 133 yaiatLlayTGvRiSEalsikmndfnlq 160 - // -

Rci NH2 -//- 142 yvifhLaleTamRqgEilaLrwehidlr 169 - // -

ORF2 (Tn1545) NH2 -//- 213 ydeilillkTGlRiSEfggLtlpdldfe 240 -/ -

Flp NH2 - -------------------------------------- -

Consensus --lv-L-1-TGmR-SE1--Lr--di---

Domain II

306 HeLRslsA-rLyekq-isdkfaQhlLGHks-dtmasqY-r 342 -//- COOH 356

350 HdmRrtiAtnLselG-cpphvieklLGHqm-vgvmahYn- 386 -//- COOH 416

273 HaLRHsfAthfminG-gsiitlQriLGHtr-ieqTmvYaH 309 -C/-COOH 343

346 HgfRtmargaLgesGlwsddaierqslHsernnvraaYiH 386 -//- COOH 438

312 HdLRHtwAswLvqaG-vpisvlQemgGwes-iemvrrYaH 349 -//- COOH 387

237 HvLRHtfAshfmmnG-gnilvlQrvLGHtd-ikmTmrYaH 273 -//- COOH 296

290 HsaRvgaArdmaraG-vsipeimqagGwtn-vnivmnYir 326 -//- COOH 343

202 HtfRHsyAmhmlyaG-iplkvlQslmGHks-issTevYtk 238 -//- COOH 268

142 HmLRHscgfaLanmG-idtrliQdyLGHrn-irhTvrYta 178 -//- COOH 201

136 HmLRHacgyeLaerG-adtrliQdyLGHrn-irhTvrYta 172 -/I- COOH 204

278 HtLRHsfAtaLlrsG-ydirtvQdlLGHsd-vstTmiYtH 314 -//- COOH 337

302 HmLRHthAtqLireG-wdvafvQkrLGHahvqttlntYvH 339 -//- COOH 361

465 HafRHtvgtrminnG-mpqhivQkfLGHes-pemTsrYaH 501 -//- COOH 630

234 HqLRHffctnaiekG-fsihevanqaGHsn-ihtTllYt- 270 -//- COOH 284

235 HdLRHeaisrffelGslnvmeiaaisGHrs-mnmlkrYtH 273 -//- COOH 384

342 HsLRHtfctnyanaG-mnpkalQyimGHan-iamTlnYya 380 -//- COOH 405

305 HigRHlmtsfLsmkGlteltnvvgnwsdkrasavattYtH 346 -//- COOH 423

H-LRHt-At-L---G---i--iQ-1LGH --- i--T--Y-H

A

Fig. 8. Local homology among the integrase family of site-specific recombinases. Domains I and II are those described by Argos et al. (1986). The
amino acid sequences of Int (P2), Int (P4) and Int (186) are from Argos et al. (1986); Int (X) from Hoess et al. (1980); Int (4)80) and Int (P22)
from Leong et al. (1986); Cre (P1) from Stemnberg et al. (1986); D protein (F) from Lane et al. (1986); Fim B and Fim E from Klemm (1986);
ORF3 (R46/Tn2603) from Hall and Vockler (1987) and Ouellette and Roy (1987); Flp from Hartley and Donelson (1980); TnS54 TnpA and TnpB
from Murphy et al. (1985); Tn4430 TnpI from Mahillon and Lereclus (1988); Rci from Kubo et al. (1988). Numbers indicate the position of the
corresponding residues in the sequence of every protein. Gaps (-) were introduced to maximize homology. Positions at which a minimum of 9 out
of 16 proteins contain the same amino acid are shown by underlined upper-case. Positions at which a minimum of 9 out of 17 proteins contain
homologous amino acids are shown by underlined lower-case; chemically similar residues are: I-L-V-M, D-E, R-K, Q-N, S-T and F-Y (Dayhoff and
Schwartz, 1978). Residues identical in all sequences are marked by an asterisk. Arrow indicates the tyrosine residue likely to be covalently linked to
DNA during recombination.

These results indicate that the 2058 bp Sau3A fragment
contains the gene(s) necessary for excision but probably not
the upstream promoter(s). The co-existence of the excision-
test plasmid and ofpAT295 resulted in a high rate of excision
as suggested by the intensity of the target DNA fragment
(Figure 2, lane 6) and by the fact that, in three independent
transformation experiments, 60% of the clones tested (88)
were susceptible to kanamycin. It is worth noting that
kanamycin susceptibility indicates that excision has affected
all the copies of pUC18QTnJ545-A4 within a single cell.
On the contrary, no excision was observed after trans-
formation of E. coli DH1 containing pUC18QTnJ545-A4
with pAT297 (orfi) even after growth of these transformants
for 100 generations in the presence of ampicillin plus
chloramphenicol (Figure 2, lanes 8, 9). When similar
transformation experiments were carried out with pAT298
(orJ2), the target DNA fragment was observed just above
the detection threshold (Figure 2, lane 10). However, serial
cultures of these transformants for 100 generations in the
presence of ampicillin plus chloramphenicol did result in the
production of larger amounts of target DNA (Figure 2, lane
11) although all the clones tested (88/88) were still resistant
to kanamycin. This indicates that, in all these clones, the
tester plasmid was present in both excised and unexcised
forms, as can also be deduced from restriction enzyme
patterns (Figure 2, lanes 10, 11). Determination of target
sequences obtained from complementation studies carried

Table I. Complementation experiments in E.coli DHl harbouring the
excision test plasmid pUCl8QTnJ545-A4

Incoming plasmid Excision

pAT295 (orfl,orf2; +) + + + +
pAT296 (orfl,orJ2;-)
pAT297 (orfl)
pAT298 (or2) +
pHSG576

Plasmid pHSG576 and derivatives were introduced by transformation
into E.coli DH1. The excision event was studied in transformants
resistant to chloramphenicol (Cm) by monitoring the appearance of the
specific 500 bp-long target fragment by agarose gel electrophoresis.
(+ + + +), (+) and (-) refer to the intensity of the target DNA
fragment.

out with either pAT295 (orfl,orJ2; +) or pAT298 (orJ2) has
revealed the presence of the two alternative forms of the
excision products in both cases (data not shown). Taken
together, these results demonstrate that ORF2 alone is able
to catalyse excision of TnJS45-A4 and that ORFI strongly
stimulates the activity of ORF2.

Discussion
The current hypothesis for the nature of the movements of
conjugative transposons such as Tn96 and Tn1545 implies
that, regardless of whether donor and recipient replicons are
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Transposon

a b
1111

ATTTATACTTTGTTTattattAAAATCATTTTTT
pIP804 AACATTTCCTTTTTTattttaAAAAATAGCATAA

Target after a AACATTTCCTTTTTTattattAAAATCATTTTTT
excision b AACATTTCCTTTTTTattttaAAAATCATTTTTT

b a
I ~~~~Iliii

ATTTATACTTTGTTTagtttaATAATATTATCAT
pAM160 AAAAGATATTTCTTTtagttaAAAATAGCATAAA

Target after a AAAAGATATTTCTTTtagttaATAATATTATCAT
excision b AAAAGATATTTCTTTagtttaATAATATTATCAT

I- ATTTATACTTTGTTTcttataAAAATAGCAATGC
plP806 ATGCTGATTCTTTTAtagataAAAATAGCATAAA

Target after
excision

ATGCTGATTCTTTTAtagataAAAATAGCAATGC

1 ATTTATACTTTGTTTtatgtaAAAATAGCTCTCT
pAM120 ACAGTATTGGTTTTTttattaAAAATAGCATAAA

Target after
excision

Consensus for
ORF2-mediated
cleavages

ACAGTATTGGTTTTTtatgtaAAAATAGCTCTCT

NNNNN

-NNNNNN

Fig. 9. Comparison of the nucleotide sequences of the junction
fragments of Tn1545 in plasmids pIP804, pIP806 (Caillaud and
Courvalin, 1987), and of Tn916 in pAM120 and pAM160 (Clewell
et al., 1988) and of the target site(s) after excision of the element.
Invariable base pairs at the termini of the transposons are underlined.
The 6-bp core sequence is written in lower-case. In every junction
fragment, the possible recombination sites within the core sequence for
excision are indicated by a vertical line. The DNA of Tnl545 and
Tn916 is depicted by a heavy line and that of the target by a thin line.
NNNNNN represents the 6 bp variable core;V and A indicates the
positions of ORF2 cleavage sites on both strands of DNA.

within the same cell, excision from the donor replicon
represents the initial and rate limiting step for transposition
(Clewell and Gawron-Burke, 1986). In the present work we
have shown, by molecular cloning and DNA sequencing,
that the 2058 bp Sau3A right-junction fragment of Tn1545
specifies two proteins, designated ORFI and ORF2, that are
involved in excision of the element. Using an in vivo
complementation assay, we have demonstrated that ORF2
alone is able to catalyse excision and that ORFI strongly
stimulates the activity of ORF2. It was previously reported
that the region of Tn9J6 corresponding to that encoding
ORF2 in Tn1545 is necessary for excision (Senghas et al.,
1988). Taken together these results indicate that ORF2 is
absolutely required for excision of this class of transposons.
Proteins ORFI and ORF2 are encoded by two open reading
frames, orfi and orJ2, separated by 84 bp. Both use the same
reading phase and are transcribed towards the right end of
the transposon. There is no stem -loop structure that could
act as a transcriptional terminator downstream from orf and
orJ2. No putative promoter sequence characteristic of genes
from Gram-positive bacteria was detected upstream from
these genes. It is therefore likely that orfl and orJ2 are
cotranscribed from a promoter located upstream from the

Sau3A site internal to the element. The hyperhaemolytic
phenotype observed following certain insertions of Tn1545
in pIP964 (Courvalin and Carlier, 1986) could result from
transcriptional activation of hly, the gene directing synthesis
of haemolysin, by this putative promoter. The initiation and
termination sites of both orfl and orJ2 transcripts are
currently being determined.
The genetic organization and the biological activity, at least

in the excision process, of ORFI and ORF2 is reminiscent
of those of lambdoid phage-encoded proteins, Xis and Int
respectively. This resemblance is strengthened by the finding
that the corresponding proteins display local homologies
(Figures 7B and 8). The X Xis protein is a small basic
polypeptide that binds co-operatively to two tandemly
repeated sites in the P arm and thus stimulates the binding
of Int (Yin et al., 1985). Xis induces a DNA bend that
presumably facilitates the formation of a productive synapsis
(Thompson et al., 1987). One can therefore reasonably
speculate that the stimulatory effect of ORF 1 on
ORF2-catalysed excision is similar to that exerted by Xis
on Int (X). In this regard, the 11 bp tandem repeats in the
left end of Tn1545 (coordinate 416 in Figure 4) could
constitute ORF1-binding site. ORFl is not structurally
related to other host-accessory proteins (IHF, HU and Fis)
that stimulate numerous site-specific recombination systems
in E. coli. However, computer-assisted comparison of ORF1
with the PseqIP amino acid sequence library showed that
ORFI displays significant homology with Pin from E. coli
(Figure 7A). Pin belongs to the Hin-related family of site-
specific recombinases thought to interact with DNA through
a helix -turn-helix motif located at their carboxyl terminal
ends (Gamier et al., 1987). The fact that ORFI displays
homology with the carboxyl terminal half of Pin suggests
that both proteins could interact with DNA in a similar
fashion. Unfortunately, the two algorithms used (Levin
et al., 1986; Dodd and Egan, 1987) do not predict the
presence of the helical motif at the carboxyl end of ORFI.
It therefore remains to be determined whether ORFI is an
actual DNA binding protein.
The regional similarity observed between ORF2 and Int-

related site-specific recombinases suggests that ORF2
belongs to this family (Argos et al., 1986). Within this group
of enzymes, the best characterized recombination events are
those catalyzed by Int (X), Cre (P1) and Flp from the 2 it
yeast plasmid for which in vitro systems have been
developed. All three recombinases bind to specific
sequences, generate staggered nicks with 5' protruding ends
of six (Cre), seven (Int) or eight (Flp) bases (Mizuucchi
et al., 1981; Craig and Nash, 1983; Andrews et al., 1985;
Hoess and Abremski, 1985), and become transiently attached
to the newly formed 3' phosphoryl terminus via an invariant
tyrosine located in their C-terminal region (Figure 8)
(Gronostajski and Sadowski, 1985; Pargellis et al., 1988).
Based on the functional properties of these enzymes and on
the excision process of lambdoid phages, one can envisage
the following mechanism for ORF2-catalysed excision of
Tn1545 and Tn916. The nucleotide sequences of four
junction fragments were aligned so that reciprocal strand
exchange generates the target(s) observed after excision
(Figure 9). This allows determination of the left and right
extremities of Tn1545 and Tn916 within which recom-
bination does not occur. These 'invariable extremities' have
been chosen to be as long as possible. In the proposed
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synaptic complex, the invariable termini are separated by
6 bp, designated the core sequence. The possible recom-
bination sites, within the core sequence for each junction
fragment, were determined. We thus examined the possibility
that a single 5' staggered nick cleavage at either of these
recombinant sites could generate the target(s) observed after
excision. In pIP804 and pAM 160, a staggered nick with 5'
protruding ends of 6 bp at the borders of the core sequence
accounts for the presence of the two targets observed after
excision (Figure 9). The unique target obtained with pIP806
and pAM 120 can also result from such a cleavage. We
therefore propose that, following specific binding to the ends
of the transposon in the presence ofORF1, ORF2 generates
5'-hydroxyl protruding staggered nicks of 6 bp at one of the
borders of the core sequence while being linked to the DNA
through a 3' phosphodiester bond. It is worth noting that,
due to sequence identity between the targets and the left end
of Tn1545, the core sequence could be 7 bp long. The
presence of two cis DNA -protein complexes in a productive
synapsis leads to an excised form of the target replicon and
to a non-replicative, covalently closed circular form of the
transposon. This model implies that DNA homology at the
recombination site is not required for synapsis, as
demonstrated for X(Int) (Richet et al., 1988), nor for complete
strand-exchange reaction. Alternatively, only one strand of
DNA at the recombination site could be resealed, leaving
a nick in the other strand. Following excision, the hetero-
duplexes at the recombination sites could be removed by the
mismatch repair system of the host or by replication for the
target replicon. Elimination of either of the non-homologous
DNA segment would result in the production of one of the
two possible excision products independently in the target
replicon and in the circular intermediate of the transposon.
The degeneracy of the 6 bp core sequence is responsible for
the presence of variable base pairs at the ends of Tn1545
and Tn916. The presence of an additional adenine residue
in the left extremity of Tn1545 in pIP804 (AAAAATA-
GCATAA versus AAAATAGCATAA) might result from
an error-prone polymerase during mismatch repair. Although
this model accounts for all the previous structural
observations, it needs to be supported by additional experi-
mental data. Towards this goal, the development of an in
vitro assay would greatly facilitate the understanding of
ORF2-catalysed recombination. In particular, it will be of
obvious interest to determine if ORF2 can also catalyse
integration and, hence, if the direction of recombination
(integration versus excision) is determined by the relative
amounts of ORF1 and ORF2.

Certain strains of Streptomyces ambofaciens contain an
11 kb conjugative plasmid, pSAM2, that can be present in
an integrated or a free state. It has been recently reported
that the integration-excision system of pSAM2 is related
to that of lambdoid phages and that it requires two enzymes
that display local homology with Xis and Int (Boccard et al.,
1989a), and therefore to ORFl and ORF2 (data not shown).
All known integrations of pSAM2 involve a site-specific
recombination event within a 58 bp att sequence present on
both plasmid and chromosomal genomes (Boccard et al.,
1989b). The requirement of a large homologous sequence
for integration of Tn1545 or Tn9J6 has not been reported.
In fact, the exceptional transposition broad host range of
Tn1545, numerous species of Gram-positive and Gram-

negative bacteria, may reflect its capability to utilize
efficiently degenerated att sequences for integration.

Materials and methods
Bacterial strains, media and antibiotics
Escherichia coli DH1 (Low, 1968) and JM83 (Messing, 1979) were used
for plasmid construction and strain JM103 (Messing and Vieira, 1982) for
phage preparation. The cells were grown in brain heart infusion broth or
agar incubated at 37°C. Antibiotics for bacterial selection were used at the
following concentrations (jug/ml): ampicillin, 100; kanamycin, 20; and
chloramphenicol, 20.

Plasmids and DNA manipulations
Plasmids pUC18 and pUC19 (Messing and Vieira, 1982; Yanish-Perron
et al., 1985), and pHSG576 (Takeshita et al., 1987) were used for cloning.
Transformation of E. coli, large-scale and small-scale preparation of plasmid
DNA, cleavage of DNA with restriction endonucleases, converting of
recessed DNA ends to blunt ends, alkaline phosphatase treatment, ligation,
analytical and preparative gel electrophoresis were done according to standard
methods (Maniatis et al., 1982).

DNA sequence determination
The restriction endonuclease generated fragments were subcloned into M13
bacteriophage vectors mpl8 and mpl9 (Yanish-Perron et al., 1985). The
DNA sequence was determined by the chain termination method (Sanger
et al., 1977).

Computer analysis of sequence data
The DNA sequences were arranged using DBCOMP and DBUTIL computer
programs (Staden, 1980). DNA and protein sequences were compared using
the algorithm of Wilbur and Lipman (1983). The FASTP program of Lipman
and Pearson (1985) was used to search for protein similarities in the PseqIP
library (Claverie and Bricault, 1986).

Analysis of plasmid-encoded proteins
The proteins specified by the recombinant plasmids were synthesized in
an E.coli in vitro transcription-translation system (Zubay, 1980). Proteins
were labelled with [35S]L-methionine and processed for electrophoresis in
an SDS-polyacrylamide gel as described (Laemmli, 1970).

Enzymes and biochemicals
Restriction enzymes, T4 DNA ligase, [35S]L-methionine and [c-35S]dATP
were obtained from Amersham International or New England Biolabs (DraI
and Sspl). Calf intestinal phosphatase and M13 phages were from Pharmacia.
The Sequenase kit was from United Biochemical Corporation and the pro-
karyotic DNA-directed translation kit was from Amersham. Bacteriological
supplies were purchased from Difco and antibiotics were provided by the
following manufacturers: ampicillin and kanamycin, Bristol; chlor-
amphenicol, Roussel-Uclaf.
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