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ABSTRACT The structure of a transposon specifying the
biodegradation of chlorobenzoate contaminants is described.
Tn5271 is a 17-kilobase (kb) transposon that resides in the
plasmid or chromosome of Alcaligenes sp. strain BR60 and
allows this organism to grow on 3- and 4-chlorobenzoate. The
transposon is flanked by a directly repeated sequence of 3201
base pairs (bp), which in turn is flanked by 110-bp inverted
repeats. The 3.2-kb repeated sequence, designated 1S1071,
exists in multiple copies in the genome of Alcaligenes sp. strain
BR60 and is involved in recombination of the catabolic genes
into the chromosome of this strain. Sequence analysis revealed
that the inverted repeat of 1S1071 and the derived amino acid
sequence of the single open reading frame within 1IS1071 are
related to the inverted repeats and transposase (TnpA) proteins
of the class II (Tn3 family) transposable elements. The absence
of a resolvase gene within 1S1071 suggests that this element is
capable of determining the first step in class II transposition
only. This was confirmed by observations on the IS1071-
dependent formation of stable cointegrates in a recombination-
deficient Escherichia coli. These results support an evolution-
ary scheme in which the class II transposable elements de-
scended from simple insertion sequences.

Two of the most effective pressures driving natural selection
in bacterial populations are the widespread use of antibiotics
and the provision of unusual organic carbon sources in the
form of environmental contaminants. In response to these
pressures, bacteria have evolved varied mechanisms of re-
sistance to antibiotics and different means of catabolizing
unusual organic compounds. It is not surprising that the
molecular mechanisms of adaptation to antibiotics and xe-
nobiotics are similar. Plasmids have been implicated in the
catabolism of complex organic compounds for two decades
(1). The rearrangement of catabolic genes along with changes
in their expression have been implicated as mechanisms in
the evolution of bacteria exposed to recalcitrant carbon
sources for almost as long (2). The discovery of transposable
elements specifying resistance to antibiotics (3) was followed
within a very few years by the first descriptions of transpo-
sition of the determinants for toluene degradation carried on
plasmid pWWO (TOL) in Pseudomonas putida mt-2 (4-6).

Bacterial transposable elements fall into two well-defined
structural classes (7). Class I elements include insertion
sequences (IS), containing the genetic determinants for trans-
position only and composite transposons formed when flank-
ing IS elements mobilize an intervening sequence (8). Class
II elements, or the Tn3 family transposons, are related by
inverted repeat (IR) similarities, transposase amino acid
sequence homologies, and transposition mechanism (9). The
class II catabolic transposons that have been characterized
encode lactose (Tn951; ref. 10) and toluene metabolism
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(Tn4653; ref. 11). Both are complex, nested class II elements.
The naphthalene catabolic genes on plasmid NAH7 have
recently been localized to a defective, class II transposon,
Tn4655, which lacks a transposase function but has an intact
resolution system (12).

Catabolic genes specifying the biodegradation of chlori-
nated aromatic compounds have been observed to undergo
rearrangements; however, none of these has been shown to
transpose as a defined element. Recently Tomasek et al. (13)
mapped a 1477-base-pair (bp) IS element flanking 2,4,5-T
catabolic genes of a Pseudomonas cepacia strain, suggesting
a possible class I composite transposon structure.

In 1988 we described an Alcaligenes sp. strain BR60,
isolated from a chlorobenzoate contaminated landfill that
undergoes deletion of chlorobenzoate catabolic genes from
the indigenous plasmid pBRC60 (formerly pBR60) and ex-
hibits recombination of plasmid sequences into the chromo-
some (14). We have used this host-plasmid association to
study gene transfer in the environment (15). In the following
report, we describe the structure of the chlorobenzoate
catabolic transposon in Alcaligenes sp. strain BR60, the
nucleotide sequence of the flanking direct repeats in this
element, and their relationship to both class I and class II
transposable elements. T

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions. Alcaligenes sp.
strains BR60 (pBRC60), BR40 (pBRC40), BR6053, and
BR6020 have been described (14). For plasmid or total
genomic DNA isolations, these strains were grown on 1%
tryptone/0.5% yeast extract/0.5% NaCl, at 25°C. Esche-
richia coli strains JM109, HB101, and DHSa, with their
plasmids pUC18, pUC19, pDPL13, pRK2013, or phage
M13mpl8 and M13mp19, have been described (16-19). A
spontaneous rifampicin-resistant mutant of HB101 was also
used. They were grown in Luria broth (19) at 37°C, with
filter-sterilized ampicillin, kanamycin sulfate (Sigma), or
rifampicin (Boehringer Mannheim) at 50, 50, or 200 ug/ml,
respectively.

DNA Manipulations and Restriction Mapping. Plasmids
pBRC60, pBRC40, and E. coli plasmids were isolated as
described (14, 19). Single-stranded M13mp18 and M13mp19
were isolated by the method of Dale et al. (20). Total genomic
DNA was prepared from Alcaligenes strains by the proce-
dure of Wheatcroft and Watson (21). Genomic DNA,
pBRC40, and pBRC60 were single or double digested with
HindIll, EcoR]1, Pst1, Sall, Nar1, BamHI, Nrul, Bgl 11, Sac
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I, and Sma I (Bethesda Research Laboratories) and resolved
in 0.7% agarose in Tris borate/EDTA buffer (19). The
catabolic region of pPBRC60 was mapped using the 10 restric-
tion enzymes listed above by hybridizing [a-3?P]dCTP-
labeled (Amersham) fragments to pBRC60 digests immobi-
lized on nylon (Hybond; Amersham) (14).

Insertion sequence IS1071 on a 4.1-kilobase (kb) Nru 1
fragment of pPBRC40 was cloned into the Nru I site of pDPL13
(17) to give plasmid pPBRN4029. The outside flanking ends of
the two IS1071 sequences in Tn5271 were cloned as 1.2- and
1.9-kb EcoRI/Nru 1 fragments into EcoRI/Sma I-cut pUC18
to give pBREN12 and pBREN19, respectively. The inside
flanking ends were obtained from existing clones (pBRE11 and
pBRH3; ref. 14). Transformations into E. coli IM109 or DH5«
were carried out either by the method of Hanahan (22) or by
electroporation with a Gene Pulser apparatus (Bio-Rad).

DNA Sequencing. HindIIl fragment 4 cloned in pUC18
(pBRH4; ref. 14) was subcloned into the replicative forms of
M13mpl18 and M13mp19 (19) and then sequenced in both
directions by using the commercial Sequenase kit (United
States Biochemical) and deoxyadenosine 5'-[a-[>’S]thio]-
triphosphate (Amersham). Purified plasmid pBRN4029 was
then used for plasmid sequencing in both directions away
from the H4 internal sequence. Plasmid sequencing was also
used to characterize the termini of the two IS1071 elements
cloned from pBRC60. Oligonucleotide primers were pre-
pared by using a Cyclone DNA synthesizer (Biosearch).
Sequence analyses were performed by using Microgenie
version 6.0 (Beckman). Tn5271, 1S1071, pBRC60, and
pBRC40 are Plasmid Reference Center listings (E. Leder-

berg, Stanford).

RESULTS

The catabolic region of the 85-kb plasmid pBRC60 is shown
in Fig. 1. Tn5271 (17 kb) is flanked by 3.2-kb direct repeat
sequences designated IS1071. Within the internal 10.6-kb
unique region are sequences required for the growth of
Alcaligenes sp. strain BR60 on chlorobenzoates. Deletion of
the catabolic region from pBRC60 occurs at a frequency of
1.6 x 1073 per cell per generation, in the absence of 3-chlo-
robenzoate, to give strain BR40 (14). The deletion plasmid
pBRC40 (71 kb) retains one copy of IS1071 entirely within a
4.1-kb Nru 1 fragment generated by the deletion event. The
DNA sequence of this copy of IS1071 is shown in Fig. 2. The
sequence shown represents the product of an intramolecular
recombination at an unknown point between the two direct
repeats of IS1071 present on pBRC60. This was confirmed by
comparison of the sequence in Fig. 2 with sequences at the
four IS1071 termini of Fig. 1:

left outside,
5'-GCCGGTCTCGCGGTC GGGGTCTCCTCGTTT-3';

left inside,
5'-CGTCGAGCAGGGCAT GGGGTCTCCTCGTTT-3';
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right inside,

5'-CGGGCAGCTTGTCGC GGGGTCTCCTCGTTT-3';
right outside,

5'-GGTTTTGCTCGTAAA GGGGTCTCCTCGTTT-3'.

The termini of 1S1071 in Fig. 2 correspond to the left outside
and right outside sequences of Tn5271. There are no dupli-
cated sequences flanking the I1S1071 termini.

The distribution of IS1071 in the genomes of Alcaligenes
sp. strain BR60, strain BR6020 (mitomycin C cured), and
strain BR6053 (chromosomal Tn5271 recombinant) (14) was
determined by digestion of genomic DNAs with Bgl! II and
probing with HindIIl fragment 4 (IS1071 probe; data not
shown). The BR60 genomic digest had seven fragments
homologous to the IS1071 probe, ranging in size from 5 to 28
kb. Two of these (11 and 24 kb) corresponded to pBRC60
fragments containing the IS element (fragments Bg! II-2 and
-3; Fig. 1). Strain BR6053 genomic digests also contained
seven copies of IS1071, but the pBRC60 fragments were
missing and two new chromosomal fragments were observed.
Strain BR6020 genomic digests contained only three copies of
1S1071 on chromosomal Bg! 11 fragments of 9, 19, and 22 kb.

DNA homology searches revealed that the 110-bp IR of
IS1071 was related to the class II (Tn3 family) IRs (Fig. 3).
The regions of homology in the outer 38 bp have been
recognized as DNA-binding and cutting sites for the class II
transposases (25). There was no significant homology of the
IS1071 IR sequence extending from 39 to 110 bp with
sequences flanking the 38-bp IRs of the Tn3 family trans-
posons shown. However, an integration host factor (IHF)
consensus binding sequence occurs at nucleotides 71-83
within the left and right IR of IS1071 (Fig. 3), at positions
analogous to IHF binding sites near the Tnyé IR (23).

The large open reading frame within 1S1071 (Fig. 2) spans
2910 bp, coding for a putative 970-amino acid polypeptide of
molecular weight 108,413. This putative transposase exhib-
ited significant homology to the class II transposases of Tn3
and Tn2! (Fig. 4). These alignments place greater weight on
the known alignment of the Tn3 and Tn2] TnpA sequences.
There was 21% identity of amino acids in comparing either
1S1071 to Tn3 or IS1071 to Tn21. Only 12% of amino acids
were conserved for all three TnpA sequences. Including
conservative substitutions raised similarities to 37% (with
Tn3) or 39% (with Tn21).

The absence of the class II transposon signature of a 5-bp
direct repeat of target DNA flanking IS1071 in pBRC60 and
pBRC40 suggests that these copies of IS1071 are not the
immediate products of transposition events. Indeed, this
element may represent only the remnant of a once-functional
class II transposon. The latter possibility was eliminated by
characterizing transposition products of IS1071 in recombi-
nation-deficient mutants of E. coli. Plasmid pBRN4029 car-
rying a single copy of IS1071 formed cointegrates with the
conjugative plasmid pRK2013 at a frequency of 5 X 10~ per
transconjugant in mating-out assays to a rifampicin-resistant
E. coli HB101 recipient. Restriction mapping of these cointe-

nS271
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s\ 3 + J 3 \ FiG. 1. Restriction enzyme digest map of the
—N —— e Cba—— oo — IS0 — catabolic transposon Tn5271 from Alcaligenes sp.
— -1 ST weom  Strain BR60. Open reading frames within IS1071 are
7] ;g ) S| 1| EcoRi indicated by arrows. The positions of inverted
I ! 8 T T3 S g‘. repeat sequences are indicated by vertical bars and
- O ——— I 111 h'w arrowheads. The location of the catabolic genes
T 91! ! 11| " EL - Newt (—Cba—) has been determined by subcloning (un-
1 T — I & published data). Only cloned restriction fragments
i AL __Smal  or fragments used as probes are numbered.
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-35 Nrul 1 15 25 1630
TCGCGAA. GGGGT CTCCTCGTTT TCAGTGCAAT AAA CAC TAT GCC CGT CTA TCG TTA CCC AGC AAG GCT GCC ACT TTC TTG AAG CCT
Lys Bis Tyr Ala Arg Leu Ser Leu Pro Ser Lys Ala Ala Thr Phe Leu Lys Pro
35 45 55 65 75 85
AAGTGACGGT cr CTGGGTAGAC _ CGTTGATTTC 1660 1690
- mc‘mcccmcrAmcccecfchchqmnccmwacccacm
95 105 115 125 135 145 Leu Leu Ala Arg val Thr Ala Gly Val Asp Ala Val Ala Ala Ala Ala Arg Ser
ATTGACTTTC CTGTTCGCIT ‘I‘G‘.I‘A_A'ACGGG TATGGTGGCC TCCCACTTTT GAGGTTCACG 1720 1750
160‘ 190 GGC GTA CTG CGC GTG GAT GAT GAA CTC CAT TTG TCG CCA TTG CCC GCA GAG GAC
ATG CAG GGT TGG CAC ACA ACG TTT TTG GGG ATG CGT GGG CTC CCC CGC GAT ATC Gly Val Leu Arg Val Asp Asp Glu Leu His Leu Ser Pro Leu Pro Ala Glu Asp
Met Gln Gly Trp His Thr Thr Phe Leu Gly Met Arg Gly Leu Pro Arg Asp Ile 1780 1810
220 250 GAA GAC CCA GAA GTG ACC AAG CTG CGC GCG GCT TTG GAT CAC CGC ATC GGT GAG
AGC GAC TTC GAG ATG AAG GCA TTT TTC ACC TTC GAT GGT GCC GAG CGC GAC GCA Glu Asp Pro Glu Val Thr Lys Leu Arg Ala Ala Leu Asp His Arg Ile Gly Glu
Ser Asp Phe Glu Met Lys Ala Phe Phe Thr Phe Asp Gly Ala Glu Arg Asp Ala 1840 1870
280 BindIIT mcumcccmmancmcccmcmccccmmcacmmm
ATC AAT GCA CGC CGA GGT GAT TCC CAC AAG CTT GGT CTG GCG CTC CAT ATT GGT Val Gln Leu Pro Glu Val Ile Leu Ala Val Asp Ala Gln Val Arg Phe Ser Trp
Ile Asn Ala Arg Arg Gly Asp Ser His Lys Leu Gly Leu Ala Leu His Ile Gly 1900
310 340 ATCATGCTCGGACGTGMCCGCGCMMCGACGMCNC‘IGANGNTATQCC
TTC CTG CGC ATG AGT GGG CGT TTG CTC GGT GCC TTT CGG GTA ATT CCA GTA GCC Ile Met Leu Gly Arg Glu Pro Arg ser Thr Asp Glu Leu Leu Met Val Tyr Ala
Phe Leu Arg Met Ser Gly Arg Leu Leu Gly Ala Phe Arg val Ile Pro val Ala 1930 1960
370 400 GGCATCATGGCCCAC. GGCACCWCTGAC‘I‘GCGG‘PCGMTGCQCGCGCATGATT
TTG TGG CGC CAC CTT GGC AAC GAG CTT GGC ATT GCA GCA CCA GAA GTC GCC TCG Gly Ile Met Ala His Gly Thr Ser Leu Thr Ala Val Gluy Cys Ala Arg Met Ile
Leu Trp Arg His Leu Gly Asn Glu Leu Gly Ile Ala Ala Pro Glu val Ala Ser 1990 2020
430 460 CCG CAA TTG TCT GCC ACC AGC ATT CGC CAG GCC ATG CGC TGG GCG CGG GAC GAA
CTG AGA GCC ATG TAT GAA CGC GGG CGC ACG CTA TTC GAT CAC CAA CAA GTA GCC Pro Gln Leu Ser Ala Thr Ser Ile Arg Gln Ala Met Arg Trp Ala Arg Asp Glu
Leu Arg Ala Met Tyr Glu Arg Gly Arg Thr Leu Phe Asp His Gln Gln Val Ala
: . 2050 EcoRI 2080
490 520 CGG CGT CTG AGC CAG GCC TGC CAG GCT GTG CTG GAA TTC ATG CAG CGA CAC CCG
TGC ACG GTC CTT GGA TTC CAG TGG ATG AGC GAG CAC CAG CGC CGC TCA CTG GTA Arg Arg Leu Ser Gln Ala Cys Gln Ala Val Leu Glu Phe Met Gln Arg His Pro
Cys Thr val Leu Gly Phe Gln Trp Met Ser Glu His Gln Arg Arg Ser Leu Val 2110 2140
550 ATT GCC GCC ACC TGG GGG CGG TCC GAT TTG GCA TCT TCT GAC ATG ATG AGC ATG
CGT GAA CTG CGC GAC GAA GTG GCC GGC TGC GAC CGC GAT CAG CTA CTC GTG CGG Ile Ala Ala Thr Trp Gly Arg Ser Asp Leu Ala Ser Ser Asp Met Met Ser Met
Arg Glu Leu Arg Asp Glu Val Ala Gly Cys Asp Arg Asp Gln Leu Leu Val Arg 2170 .
580 ) 610 GAG ACC ACC AAA CGG GTG TGG CAA GCC CGG CTT GAT CCT CGG CGC AAC ACA CCT
GCG CGT CAA TGG CTG TAC AAG AAC AAG CTG GTG ATC GTG CAC GAG CGG GCA ATT Glu Thr Thr Lys Arg Val Trp Gln Ala Arg Leu Asp Pro Arg Arg Asn Thr Pro
Ala Arg Gln Trp Leu Tyr Lys Asn Lys Leu Val Ile Val His Glu Arg Ala Ile 2200 2230
640 670 ‘l‘CCAﬂGGAA‘l‘CTMTCCCATGTAMAGACCGGMGGCATCHCCATGCGCM
CGG ACA CTG ATT GCG GCG GCA CTT GCC CAG CTT GAA GTT GAA ACA GGC ACC GCC Ser Ile Gly Ile Tyr Ser Bis Val Lys Asp Arg Trp Gly Ile Phe His Ala Gln
Arg Thr Leu Ile Ala Ala Ala Leu Ala Gln Leu Glu Val Glu Thr Gly Thr Ala
2260 2290
700 730 CCC TTT GTG CTC AAT GAG CGC CAG GCG GGC GTG GCC ATT GAA GGT GTC ATC CGC
ATC GCC GCC AGC GTT GAT CCA GCA ACA CTT GAT CGC TGG CGA GCC TCA GTT TCA Pro Phe Val Leu Asn Glu Arg Gln Ala Gly val Ala Ile Glu Gly Val Ile Arg
Ile Ala Ala Ser Val Asp Pro Ala Thr Leu Asp Arg Trp Arg Ala Ser val Ser 2320 2350
760 790 CAAGAAAMCmeMCAGCCMCﬂGCTGTGGATACCCATOGCTACACCGAC
GAG CTG CGC CCA GAT GGA CAA ACC CAG CAG AGT TGG CTA TGG GCT GCA CCG GCG Gln Glu Lys Leu Glu Thr Ser Gln Leu Ala val Asp Thr His Gly Tyr Thr Asp
Glu Leu Arg Pro Asp Gly Gln Thr Gln Gln Ser Trp Leu Trp Ala Ala Pro Ala 2380 2410
820 TTT GCC ATG TCA CAT GCC CGT TTG CTT GGT TTT GAT CTT TGC CCG CGG TTG AAG
Phe Ala Met Ser His Ala Arg Leu Leu Gly Phe
AAA CAC TCA ACC CGC CAA ATC AGC GAG GTA CTG GAG CGC ATC GAC CTG CTT TAC a Arg v . ol Asp Leu Cys Pro Arg Leu Lys
Lys His Ser Thr Arg Gln Ile Ser Glu Val Leu Glu Arg Ile Asp Leu Leu Tyr 2440
850 880 GAA CTC AAA CAG CGC CAC CTC TTT GTG CCA CGC GGC ACC AAA GTG CCC GCA GAA
ACG CTG GAC GTT CAT AAG CAC CTG GCA GAC ATC CCC GAT CTC ATC TTG CGC CGC Glu Leu Lys Gln Arg His Leu Phe Val Pro Arg Gly Thr Lys Val Pro Ala Glu
Thr Leu Asp Val His Lys Bis Leu Ala Asp Ile Pro Asp Leu Ile Leu Arg Arg
2470 2500
910 940 ATC GCT GCG GTG TGC GAA GCC AAT GTC GAC GTC GCT TTG ATC GAA AAG CAT TGG
TAC GCG CGC CGA CTT GTC TCC AGG CCG CCC TCA GCC GGA GCC AAG ATC AAA GAG Ile Ala Ala Val Cys Glu Ala Asn Val Asp Val Ala Leu Ile Glu Lys Bis Trp
Tyr Ala Arg Arg Leu Val Ser Arg Pro Pro Ser Ala Gly Ala Lys Ile Lys Glu
. 2530 2560
970 1000 GAT AGT CTG GTG CAC CTG GCA GCC TCG GTC ATG AGC GGA CAT GCC AGT GCG GTG
CCA GCG CGC ACC GTG GAG GTC GCA TGC TTT CTT CGG TAT TGC CTG TTC ACC ACC Asp Ser Leu Val His Leu Ala Ala Ser Val Met Ser Gly His Ala Ser Ala val
Pro Ala Arg Thr val Glu Vval Ala Cys Phe Leu Arg Tyr Cys Leu Phe Thr Thr 2590 2620
1030 1060 GCA GCT CTT GCG CGG TTC GGT TCT GCC GCC CAG GGC GAT CCA ATC TAT GAG GCT
ACA GAC CAG TTG ATC CTT ATG GTG CAG CGC CGG ATC GCC GAT CTG TGG CGT CAG Ala Ala Leu Ala Arg Phe Gly Ser Ala Ala Gln Gly Asp Pro Ile Tyr Glu Ala
Thr Asp Gln Leu Ile Leu Met Val Gln Arg Arg Ile Ala Asp Leu Trp Arg Gln 2650 2680
1090 ccccmmmmcccaﬁcmmncccccmmmmrncmm
GCT GCC GCC GAT GTC CCC GCT ACC GTC AAT TGG GCC GCA ATG TAC AAA ACG CTG Gly val Gln Leu Gly Arg Leu Leu Arg Thr Ala Phe Leu Ala Asp Tyr Phe val
Ala Ala Ala Asp Val Pro Ala Thr Val Asn Trp Ala Ala Met Tyr Lys Thr Leu 2710
1120 1150 AAG GAC GCT TTC AGG AAC GAG TTG CGC CGG GTG CTC AAT CGG GGC GAG GCT GTT
CTC GGC GAA CTT GTT GCC TTG AGC GCG CAA GGT GCG GTG CCA GAT GCT GAG TTG Lys Asp Ala Phe Arg Asn Glu Leu Arg Arg Val Leu Asn Arg Gly Glu Ala val
Leu Gly Glu Leu Val Ala Leu Ser Ala Gln Gly Ala val Pro Asp Ala Glu Leu 2740 2770
1180 1210 AAC GCC CTC AAG CGC GCC ATT TAT ACC GGC CGG ATC AGC CCG GCG CAG GCC AAA
CGT GCC CGT CTT GAA GCC TTG ATC ACC GAA ACC CAG AAA CGC AAA CCA CCG AGC Asn Ala Leu Lys Arg Ala Ile Tyr Thr Gly Arg Ile Ser Pro Ala Gln Ala Lys
Arg Ala Arg Leu Glu Ala Leu Ile Thr Glu Thr Gln Lys Arg Lys Pro Pro Ser 2800 2830
1240° ECORI 1270 CGT GTC GAT GAA ATG CAG GCT GTG GCC GAT GCG TTG AGC CTG ATG GCC AAC ATC
AGG GCC TCC CTG GTC CGC GAG GGA TTG ATT GAT GGA ATT CGC CCC GTG CGG TCG Arg Val Asp Glu Met Gln Ala val Ala Asp Ala Leu Ser Leu Met Ala Asn Ile
Arg Ala Ser Leu Val Arg Glu Gly Leu Ile Asp Gly Ile Arg Pro Val Arg Ser 2860 2890
1300 1330 GTG ATG GCG TGG AAT ACC TCA CAG ATG CAG GCG GTC CTG GAT CGC TGG TCG AAC

T1G CTC GTC GCC ATT GCA AAG CTG CCC TGG CAG GCC ACC GGC GAG CAT CCP GCC val Met Ala Trp Asn Thr Ser Gln Met Gln Ala Val Leu Asp Arg Trp Ser Asn

Leu Leu Val Ala Ile Ala Lys Leu Pro Trp Gln Ala Thr Gly Glu His Pro Ala 2920 2950

CGC CGC CAG GTC ATT CCA CCG GAA CTG ATC GGG AAG ATT GCG CCC ACC AGG CTG

HindIII
ATC GAG TAC CTT GCC AAG CTG CAA GCT TTA TAT CTC AAA GGA TCC AGA AAG CTG Arg Arg Gln val Ile Pro Pro Glu Leu Ile Gly Lys Ile Ala Pro Thr Arg Leu
Ile Glu Tyr Leu Ala Lys Leu Gln Ala Leu Tyr Leu Lys Gly Ser Arg Lys Leu 2980
1390 1420 GAGAGCATCAACTNC_GGGGTGTGTHCGCTTCCCGG‘ETGMCGCTATGCTGAC
CCA GTT GAA GTG GTG GCA CCA AGT CTG GGA ATG ATC TGG CAG GTT TCG ATC TCC Glu Ser Ile Asn Leu Arg Gly val Phe Arg Phe Pro Val Asp Arg Tyr Ala Asp
Pro val Glu val Val Ala Pro Ser Leu Gly Met Ile Trp Gln Val Ser Ile Ser 3010 1040 3060
1450 1480 CAA ATC CTG CCT TCG CGG CCA AAT GCA TCG ATA ACT GGC ACC AAT GGA TGAAA
AGC CCA GAC CGG GAA CGG GCG TTT CAG GCG TTG GAG GTG GCC ACC CTG TTT GCC Gln Ileuu?rosorugrrounllqscr Ile Thr Gly Thr Asn Gly
Ser Pro Asp Arg Glu Arg Ala Phe Gln Ala Leu Glu Val Ala Thr Leu Phe Al
er Fro Asp Arg Glu Arg Ala Phe Gln Ala Leu Glu Val Ala Thr Leu Fhe Ala 3070 3080 3090 - 3100 3110 3120
GAACAGGAAA
1510 1540 TT 'CA CGAJ Py GTCAATGAAA
CTG CGC CGC GCG GTG CGC AAT GGC TCG GTC TGG ATT GAG CAC AGC CTG AGC TTT
3130 3140 3150 3160 3170 3180

Vi Glu Bi :

Leu Arg Arg Ala val Arg Asn Gly Ser Val Trp Ile Glu His Ser Leu Ser Phe ac oA G ACCG e
1570 1600 : B

CGG GGT CGT GCG CGC TTG TTC TTC ACG GAC GAG CGT TGG CAG GCA GAG TCC AAG 3190 3200 accARR ear

Arg Gly Arg Ala Arg Leu Phe Phe Thr Asp Glu Arg Trp Gln Ala Glu Ser Lys CACTGAAAAC T

FiG. 2. Nucleotide sequence of IS1071. Numbering is relative to the first G in the IR sequence (underlined). Short sequences on either side
of the insertion element are shown. The translation product of the open reading frame beginning at position 146 is shown. There is a potential
ribosome binding site (GAGG) at position 135 and a stem-loop structure underlined beginning at the ‘A in the stop codon at position 3058.
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secescssonne

181071 L GGGGTCTCCT CGTTTTCAGT GCAATAAGTG ACGGTACGCA AAGCTAGCAC TGGCGCGGGG GTGGTCTGGG TAGACCG'!”I'G Amch'l"l‘637

R " ceccacGeaT== l
Lcrncmn CGCTTTGTAA acgggtatgg
........... A====CA-~- t-t-cg--tc
NERS & S0d & (] bhddd thd &% & » * -
Tn21 L GGGGGCACCT CAGAAAACGG AAAATAAAGC ACGCTAAGgc atagctgacc
R ===-T-GT-- c qqttqcaqaq
hhoss & L] L ® & 48 ake &
TnY'§ L GGGGTTTGAG GGCCAATGGA ACGAAAACGT ACGTTTATgg
R ~e==-A-G-a g-=-=t-Cg- ==t----=t-
L IIIT L] * - * S & Shd Sd & * * &
Tn3 L GGGGTCTGAC GCTCAGTGGA ACGAAAACTC ACGTTAAGGg attttggtca
R ca -cg--ttctg
XX ]] e " ad *e & * . as -
Tn4651 L GGGGTCATGC CGAGATAAGG CAAAAATTAG GACATTCGTT CTCTAAgcta
R T - ==G-==atat
(11 X]] . * (1] *® 4h 4 hhd Ak & & 4% &
Tn4430 L GGGGTACCGC CAGCATTTCG GAAAAAAACC ACGCTAAGaa aatcagagtt
R g- tt-tttcta-

F1G. 3. Comparison of IR sequences defining the ends of class II transposable elements. L and R, left and right IRs, defined as Qistal and

proxil;lai to the tnpA gene (11). Nucleotides that differ in the right IR compared to the left are indicated. The ends of the IRs are indicated by
a shift to lowercase letters. An asterisk above the sequence indicates identity at that position to the left IR of IS1071. Dotted lines mark sequences
in IS1071 and Tnyd homologous to the IHF binding site consensus sequence. Sources: Tn2/ and Tn3, GenBank; Tn4651, ref. 11; Tny$, ref. 23;

Tn4430, ref. 24.

between IS1071 copies on the plasmid. Recombination of the
catabolic genes with the chromosome of BR60 also occurs at
a high frequency (14) and is probably a result of recombina-

grates were quite stable in a recA host, although resolution tion between plasmid and chromosomal 1S1071 copies. This
background of host-encoded recombination activity, com-

was observed with subculturing in some cases.
bined with the fact that BR60 was recently isolated from an
DISCUSSION environment in which natural genetic exchange is likely to be

The chlorobenzoate catabolic genes on plasmid pBRC60 are important (15), makes it difficult to attribute the structure of
subject to deletion at a high frequency due to recombination Tn5271 or the rearrangements of I1S1071 in Alcaligenes sp.

grates showed that they consist of the entire pBRN4029
replicon, flanked by direct repeats of IS1071, integrated into
various sites on pRK2013 (data not shown). These cointe-
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FiG. 4. Alignment of TnpA sequences for Tn3, 1S1071, and Tn2!. Identical amino acids are indicated by asterisks; similar amino acids are
indicated by colons. The numbers above each set of three sequence lines refer to the amino acid numbers for the 1S1071 sequence. The Tn3
sequence is 1004 and the Tn2/ sequence is 988 amino acids long. Data for the Tn3 and Tn2/ transposase sequences were taken from GenBank.
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FiG. 5. Evolution of class II transpos-
able elements. An ancestral element is indi-
cated by a transposase gene (A) and its
recognition sequence (——). IR sequences
including the 38-bp recognition sequence are
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strain BR60 to transposition events. However, we have
observed transposition of the cloned IS1071 element to
generate cointegrates in a recombination-deficient E. coli.
Therefore, it would seem likely that transposition has played
apart in the mobilization of catabolic genesin Tn5271. We are
currently characterizing transposition products of both
Tn5271 and IS1071 in recombination-deficient hosts in order
to define target sites.

Class II transposable elements share structural features
that clearly delineate them from other mobile genetic ele-
ments (9). IS1071 has inverted repeat sequences and a
transposase sequence that place it among the class II ele-
ments; however, it has no sequence homologous to class II
resolvases. A search of the internal 10.6-kb sequence of the
transposon (unpublished data) has failed to reveal a candidate
for a resolvase-like gene. Given the complementary nature of
the activities of transposase and resolvase, and the evidence
that resolvase catalyzes site-specific recombination between
cis-oriented res sites (26), it is unlikely that a resolvase gene
linked to a specific transposon would exist outside of the IR
defining the element. We therefore conclude that IS1071 is a
true IS carrying the coding information for replicative trans-
position only. Our observation of the IS1071-dependent
formation of stable cointegrates in a recA host supports this
conclusion.

The transposase alignments of IS1071 with Tn3 and Tn21
revealed only 12% conservation of amino acids, comparable
to the identity observed when Tn3, Tn2l, Tn501, Tn917,
Tn2501, and Tn4430 sequences were all aligned (24). These
transposons are therefore representative of the known evo-
lutionary limits of the class II elements. Schmitt ez al. (27)
have proposed a scheme for the evolution of the class II
transposons based on the observation that a single copy of an
IR sequence and a transposase are the minimal requirements
for transposition. Inverted repeats of the recognition se-
quence flanking the transposase may have been acquired by
a process such as strand exchange during hairpin loop
replication. Such an element would be structurally identical
to IS1071 (Fig. 5). One prediction of this scheme is that the
ancestral IRs, because of the nonspecific events occurring at
a hairpin loop replication fork, may have been longer than the
minimum transposase recognition sequence of 38 bp. This is
the case observed with IS1071 (110-bp IR), Tn2501 (48-bp
IR), and the toluene transposon Tn465/ (46-bp IR). Acqui-
sition of site-specific recombination systems (resolvase or
integrase), antibiotic-resistance determinants, or catabolic
genes by an element like IS1071 would give rise to the class
II transposons depicted in Fig. 5 (24, 27, 28).

The class II transposons have been very successful in
promoting the fitness of a range of prokaryotes under very
different environmental conditions. With the discovery of

4

(Tol)

—/ S ———{ &

42 _B— jndicated by thick arrowheads (—@-); the

direction of transcription of tnpA (A), tnpR
(R), and integrase (I) genes, where known, is
indicated by arrows; @, res site; Ap, Su, Sm,
and Hg, ampicillin-, sulfonamide-, strepto-
mycin-, and mercury-resistance loci, respec-
tively; Cba and Tol, chlorobenzoate and
toluene catabolic loci, respectively; T and S,
trans-acting resolution genes for the toluene
transposon.

IS1071, there is now good evidence to suggest that the
transposase gene alone confers a selective advantage on its
host under some environmental conditions.
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