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ABSTRACT prokaryotic insertion element2) but is reldvely common in

) eukaryotic transposor{d&3). To invesgate this possibility, we
Sequence analysis of three IS 200 elements (two from compared the structure of2® ‘hops’ with that of ‘genomic
Salmonella typhimurium , one from  Salmonella  copies’ of the element. The results were unequivocal: elements
abortusovis ) reveals a highly conserved structure, characterized as280hops are extremely similar, if not identical,
with a length of 707-708 bp and absence of terminal to 1S200 elements residing in th8almonellagenome. Thus
repeats. IS 200 contains an open-reading-frame (ORF) 1S200 transposition is unlikely to generate inactive or aberrant
which potentially encodes a peptide of 151 amino copies. A corollary is that the extremely low frequency 2005
acids, with a putative ribosome-binding-site properly transposition and its scarce contribution to spontaneous
placed upstream of the ORF. A potential RNA stem-— mutagenesis likely reflect the normal behavior of the element.
loop structure that might occlude the ribosome- Cladograms constructed with the predicted peptides260IS
binding-site of the ORF is also found. Another ORFs from Salmonella E.coli and Yersinia match the
conserved trait is a potential RNA hairpin which phylogenetic tree of the Enterobacteriacad,15). This
resembles a Rho-independent transcription termi- observation gives support to the hypothesis th200Ss an
nator, located near one end of IS 200. The junctions ancestral element of enteric bactétia).

between IS 200 and host DNA sequences are A+T-rich.
Upon insertion, IS 200 duplicates 1-2 bp of host DNA MATERIALS AND METHODS
sequences. The observation that IS 200 elements

characterized as ‘hops’ are roughly identical to those Bacterial strains and plasmids
residinginthe Salmonella genome suggeststhatlS 200
transposition is unlikely to generate inactive copies. If
such is the case and many or all IS 200 elements are
active, the extremely low frequency of IS 200 trans-
position may reflect the normal behavior of the
element.

All strains and isolates &.typhimuriunused in this work derive
from the standard wild-type LT2. Strain SS44S#Imonella
abortusovis (17) was povided by S. Rubino, Institute of
Microbiology, Universita degli Studi di Sassari, Sassari, Sardinia,
Italy. The plasmid vectors used for cloning were pBluescript |
KS(+) and pBluescript Il SK(+) (Stratagene, La Jolla, CA). plZ46
is a pUC19 derivative carrying a tail-to-tail dimer of the 0.3 kb
INTRODUCTION EcoRI-HindIll fragment of 1200 (2). plZ47 is a pUC19
. . . . derivative carrying a tetramer of the interfiatj fragment of

IS200is an insertion element abundant in the g&alsonella 1S200, flanked by EccRI sites (I. Gibert and J. CasadesUs,

(1,2) and sporadically otind in strains ofShigella (2), ,npyblished). Transformation with plasmid DNA followed the
Escherichia coli(3) and Yersinia (4). The chromosome of ,5cequre of Inoueet al (18). The reipient strain for
Salmonella typhimuriuniT2 contains six copies of 280 o cformation wak.coli DH5a (19).

(1,5,6); in otherS.typhimuriumstrains the number of 280
copies ranges from 1 to >12 (_2). One paradoxical trait2f0S Media and chemicals
behavior is its poor contribution to spontaneous mutagenesis
(7,8), which can be correlated with the ertely low Luria—Bertani medium (LB) with added NaCl (5 g/l) was used as
transposition frequency of the eleméht10). In fact, only two the standard rich broth. Solid medium contained Difco agar at a
IS200insertion mutations have been reporte8.igphimurium  final concentration of 1.5%. EBU indicator plates were prepared
one in thehis operon (1), another in tlgpt gene (8). Hunts for as described elsewhere (20). Conctiotna of antibiotics were
IS200-induced mutants i.typhimuriumsometimes involving as follows: kanamycin sulfate (Sigma, St Louis, MO), 50 mg/l;
positive selection strategies, have confirmed that transpositiorampicillin (Sigma), 100 mg/l. The indicator 5-bromo-4-chloro-3-
rare (7—10). Furthermore, surveys carried out in field isolateésdolyl-B-p-galactopyranoside (‘X-gal’, United States Bio-
have indicated that 290 transposition is also infrequent in logical, Swampscott, MA), was dissolvedNN-dimethylforma-
natural populations dalmonellg(11). mide (2 mg/ml) and used at the final concentration qfgZfl.

One possible explanation for the low activity &08mightbe  For gel electrophoresis, agarose (Seakem, FMC, Rockland, ME)
the generation at relatively high frequencies of defective copiegs prepared in either TAE or TBE buffé2$). The final agarose
of the element. Such a behavior has no precedents amarancentration (0.7-1.0%) depended on the range of DNA
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fragments to be separated. E buffer contained 40 mM Tris-baGeneration of nested deletions
and 2 mM EDTA, pH was adjusted to 7.9 with glacial acetic aci

The lysis solution contained 3% sodium dodecyl sulfate, 50 mi€/etions were generated wihcoli exonuclease I1l, using the
Trizmya base and 72 mM NaOI-(;. Y double-stranded nested deletion kit from Pharmacia Biotech.

Protected, Pverhanging ends were generated\psl digestion,
while the substrate for exonuclease Il digestion was generated
with Clal. Deleted plasmids were treated with nuclease S1 to

The transducing phage was P22 HT 108201 (22), henceforth generate blunt ends; these were then ligated with T4 poly-
referred as P22 HT. Phage sensitivity was tested with ttigicleotide ligase.

clear-plaque mutant P22 H5. To obtain phage-free isolates,

transductants were purified on EBU plates. For transduction BNA sequencing

antibiotic-resistance markers (e.g. Kntransducing mixtures
were made on LB plates and incubated 4-5 h befo
replica-printing to selective plates with sterile velvets.

Bacteriophages and transduction

I%equencing reactions were performed with the dideoxy chain
términation procedur@9), using the Sequenase kit version 2.0
(United States Biochemical Corporation, Cleveland, OH). The

i . . primers used for sequencing are shown in Table 1. Sequencing
Virulence plasmid curing gels were prepared in TBE and contained 6% acrylamide and
Curing of the virulence plasmid (pSLT) Styphimuriumwas 200 g/l urea. Gels were run in a Poker Face SE1500 sequencer
achieved by destabilization of thear locus with a (Hoeffer Scientific Instruments, San Francisco, CA), dried in a
kanamycin-resistant cartridgé23). The Kni cartridge was Slab Gel Dryer, model SE1160 (Hoeffer) and developed by
introduced into the strain to be cured by P22 HT transductioh. KigXposure to an X-ray film.

transductants were streaked on EBU plates; individual phage-free

colonies were then scored for loss of kanamycin resistance. Sequence analysis and phylogemyethods

. I We used the computer analysis package of the Genetics Computel
DNA extraction and purification Group, University of Wisconsin, Madison, (D). Free energies

Genomic DNA preparations were obtained according to Ausub@l RNA secondary structures were calculated with the program
etal (24), using 10 ml of an oweght culture. Plasmid DNA for Fold RNA" (31). Bolutionary distances between peptide
both clone analysis and DNA sequencing was obtained with t8quences were measured using the Jukes—Cantor alg8#jhm
alkaline lysis method, without phenol extracti@s). Plasmid ~Phylogenetic trees were constructed with the GrowTree program,
DNA preparations for the generation of nested deletions weHSing the ‘unweighted pair-group artihmetic average’ (UPGMA)
obtained with the ‘boiling’ metho@6), followed by purification Method(33).

in Sephadex G-50 columns. Virulence plasmid DNA was

extracted as described elsewhere (11). RESULTS

. . I L Sequence analysis of the insertidnsD984:1S5200
Digestion, end modification and ligation of DNA

fragments The original mutatiohisD984:1S200 (1) had been pwgously

- . %oned on several plasmid vectors (2). One of these clones, plZ44,
Restriction enzymes were purchased from Promega Bioteghy pUCY derivative carrying@ kb insert which includes the

(Madison, W), Boehringer Mannheim (Mannheim, Germanyjnsertion hisD984:1S200 and flanking sequences of the
and New England Biolabs (Beverly, MA). The buffers used werg typhimurium his operon (2). DNA sequencing of the
those provided by the supplier. For multiple digestions, we Usefknog4:15200 insertion (henceforth called 260HIS) was

the “One-phor-all’ buffer (Pharmacia Biotech, San FranCiscQuarried out directly on plz44, using primers I, Il and V (Table 1).
CA). Deoxyribonucleotides and Klenow DNA polymerase werghase primers were designed using previous sequencing data
purchased from Promega Biotech. T4 polynucleotide ligase w, 4). The EMBL acession number for 280HIS is X56834.

from Boehringer Mannheim; ligation was achieved by incubatingp,o predicted IB00ORF (see below) runs oppositéntsD (for
>12 h at 18C. For blunt end ligation, a low-ATP buffer was used, map of the histidine operon: ref. 35).

(New England Biolabs, unpublished observations).

DNA hybridization Table 1.DNA primers used for sequencing?® elements
Digestion of DNA with restriction enzymes, electrophoretic

separation of restriction fragments, DNA denaturation, transfer gt " Sequence (53) Origin
DNA from agarose gels to nylon filters, DNA labeling and DNA T3 ATTAACCCTCACTAAAG pBluescript
?yb)ridizgtion ftt))lloov;tedlt(he )procedures ciescrib(fed by Southern AATACGACTCACTATAG pBluescript
27) and Sambroogt al (21). Recovery of DNA from agarose

gels was achieved with the GeneClean system (Bio 101, La Jolla, GTGCAGAGGGTACTATC 1200
CA). The standard E®O0 probes were thEcaR| fragments of GAGCTTAGCGCACACCC 12200
plZ46 and plZ47. These fragments were recovered from agarose CCCGCCGAAGATGAGTGTGT 1200
gels and purified by the GeneClean system (Bio 101), modifie GTCTTCGGTATTTGGGCGE 1900

according to Boyle and Le{28). DNA probes were labeled with
the DIG DNA labeling kit from Boehringer Mannheim. v CTGCCTACTGCCCTACGCTTCT 15200
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Characterization of an 1IS200 element inserted in the in the left-most 50 bp, only 1 bp difference is found between
S.typhimuriumvirulence plasmid IS200HIS and I200VP, while IR200SA0 shows a 2 bp

. - . difference with both IZ00-HIS and IQ00VP. In turn, the
Increase in the number of2@ elements is observed at low but ;v most 50 bp are identical in280-HIS and IRO0VP and

detectable frequencies among the survivors of stab culture p difference (with both) is found inAG0-SAO.

(1,9,10), a behaor previously reported for other insertion  (jy The three elements contain a single ORF which can
elements (36-38). However, ina given strai20[&opy number  ,teniially yield a peptide of 151 amino acids. The predicted
can potentially increase by duplication of chromosomal regio ptides encoded by 280HIS and I1R00VP are identical

.(39)' Th|s caveat d|re'cted. our search to the 'ﬂeteof IS.ZOO while the predicted peptide 0f280-SAO shows four amino acid
insertions in theS.typhimuriunvirulence plasmid; the rationale changes (Fig. 1). The number of changes in the nucleotide
was that a ‘hop’ intrans was unlikely to be caused by DNA g ence of the ORFs are as follows: (a) only 1 bp difference (at

rearrangements other than transposition. a third-codon i .
; i o position) between 2&-HIS and 1200-VP;
Because the virulence plasmid (pSLTpagphimuriutiT2does ) 10 ¢ differences (six at third-codon positions) between

not carry 1200(5), the presence of280insertions in pSLT canbe |5500.5A0 and I00HIS: (c) 11 nt differences (seven at

scored by comparing thea®0 profiles of isolates carrying extra third-codon positions) betweerd@®-SAO and I200:VP. Thus
IS200copies and those of derivatives cured of the virulence plasmigle givergence is higher at the DNA level than at the peptide level,
Curing of pSLT was achieved with the method of Tinge and Curtisg,qqesting that the coding capacity of the ORF is selectively
Il (23). Analysis of 54 LT2 derivatives carrying more than Six.,ointained.

IS200 copies yielded three independent examples of plasmid-borney y5tabank search indicated that tHeOSORF is related to the
IS200 elements. Southern hybridization analysis of pSLT DNAtransposase of 1904 an insertion element found Wibrio
digested witPvul, Hincll, Pst andAva (and with combinations  -5jerae (41). Additional evidence that the 280 ORF may

of these enzymes) indicated tRatil-Hincll digestion of one of the ode the transposase of the element is provided by the

; ; en
candidates generated a band of only 3.7 kb, absent in the Cu{)?éervation that expression of th@08ORF from an inducible

derivative. This 3.7 kb fragment was cloned ontaSim site of ~ ,omqter increases the frequency of variol20Gssociated
pBluescript Il SK(+) to generate plasmid plZ801. Nested deletiorigy o rearrangements (42; C. R. Beuzén and J. Casadesls
with exonuclease Ill reduced the size of the insert of plZz801 to 1 ki L the ra . '

Southern hybridization analysis indicated that the resulting plasmgg
plZ802, still carried 130Q The insert of plZz802 was sequenced
using primers T7, T3, Illl and IV (Table 1). Thi20B element

inserted in the virulence plasmid (EMBL accession no. Y09564)
will be henceforth called 1S200-VP.

published). Unfortunately, the rarity oR[®transposition has

far hampered a direct survey of the function of ORF1 (e.g.
mutations in ORF1 should render a non-transposing element).
(i) A potential ribosome-binding site '(AGGGG-3) is

cated between nucleotides -5 and —9 upstream of the start
codon of the ORF. The sequence differs only 1 bp from the
consensus and is located at a standard distance from the star
Characterization of an 1200 element fromS.abortusovis codon (43,44). This putive ribosome-binding-site is 100%

Strain SS44 o abortusovisarries an [800element on &5 kb conserved in all elements characterized in this study (an2d IS

elements from other sources: see below).
gsgb%rm;%?;gzrﬁgge(ﬂééé?i‘:} tfgagg?ﬁgéiﬁ% kaSf(rJro)mThe (iv) Two regions that can be expected to give rise to secondary
) r P P . structures in their transcripts are found upstream of the ORF. The
presence of 180 among Lac, Ap' transformants oE.coli

N : left-most structure (nucleotides 9—32) can give rise to a hairpin
DH50 was screened by Southern hybridization, using e ﬁAGO: —14.1 kcal/mol) which reminds of a Rho-independent

fragment of plZ46 as a probe (2). One positive isolate was t o . . . .
. N . nscription terminator (Fig. 2). This region has been actually
source of plasmid plZ72. Restriction analysis proved that pIZ7§lOWn to cause the polarity of the inserimDI84:1S2000n the

carried an insert of 9.5 kb. This insert was split in two fragmen stal genehisC (40). The poetial hairpin is identical in

of 6.5 and 3 kb bgtu digestion. The 3 kb fragment (but not the . .
C . ; IS200-HIS and I200VP and shows a 1 bp difference (located in
6.5 kb fragment) hybridized againspiprobes, suggesting that the stem) in I300SAO. Transcriptional terminators, both

the 12200 element was located in the snatll fragment. The :
: ho-dependent and Rho-independent, have been found near the
Ig\lt;;rgwas cloned onto pBluescript | KS(+) to generate plasmi ds of many insertion sequences and are usually regarded as
: . control elements that terminate transcripts entering t(E2)S
To reduce the size of the 3 B fragment of plZ73, nested e second structure is defined by two inverted repeats located

. : h
deletions were generated with exonuclease Ill. The presenceb(g}t-ween nucleotides 66-85 and 120-139. The second repeat is

IS200 among deletion derivatives of plZ7@as detected by :
o . only 3 bp away from the start of the ORF. The inverted repeats can
Southern hybridization, as above. One plasmid carryirigkdn Igive fise to a stem—loop structure in the transcilyBof

insert (plZ74) was chosen for DNA sequencing with primers |, IF; . . .
) - +25.8 kcal/mol). If formed, this structure might cause occlusion
V, T3 and T7. This I200element (EMBL accesion no. Y08755) of the ribosome-binding-site (Fig. 2). The potential stem—loop

will be henceforth called 15200-SA0. region is identical in IBOHIS and IR00-SAO and shows a

1 bp difference (in the stem) in2@0V/P.
General features of 1200 elements fromSalmonella

The three 1300elements sequenced are very simil&0EHIS  Restriction analysis of 1200 elements from
is 707 bp, while 1300-VP and I200-SAO are both 708 bp. Some s typhimuriumLT2
relevant features found in their sequences are as follows.
(i) All elements lack terminal repeats, as previously reporteliive IS200elements present in the chromosom®.tyfphimurium
(8,34,40). The ends of the threeraknts are highly conserved: LT2 (copies |, II, 1, V and VI15,6) were toned using ‘locked-in’
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HIS 1 MGDEKSLAHTRWNCKYHIVFAPKYRRQAFYGEKRARAVGS| 40
WP 1 MGDEKSLAHTRWNCKYHIVFAPKYRRQAFYGEKRRANVGS | 40
COPYIV 1 MGDEKSLAHTRWNCKYHIVEAPKYRROAFYGEKRRAAVGS 40
SARAT7 1 MGDEKSLAHTRWNGCKYHI VFAPKYRRQAFYGEKRRAVGS| 40
SAOQ 1 MGDEKSLAHTRWNCKYHIVFAPKYRROQAFYGEKRRAVGS | 40
ECOR72 1 MGNEKSLAHTRWNCKYHIVFAPKYRRBQVFYREKRRA I GSI 40
ECORS 1 MGNEKSLAHTRWNCKYHIVFAPKYRRQVFYREKRRATIGS | 40
ECOR51 1 MGNEKSLAHTRWNCKYHIVFAPKYRRQVFYREKRRA I GCI 40
ECOR63 1 MGMEKSLAHTRWNCKYHIVFAPKYRRQVFYREKRRAI GCI 40
Y. pestis 1 MRARDEKSLAHTRWNCKYHIVFAPKYRBRQVFYREKRRA | GSI 40
HIS 41 LRKLCEWKNYRILEAEGCCAYHIHMLLE|PPKMEVSSFMGY 80
VP 41 LRKLCEWKHNWRILEAECCAYHIHMLLE|PPKMEVSSFMGY 80
meﬁ 41 LRKLCEWKNYRILEAECCADHIHMLLE| PPKMEVSSFMGY &0
SARAI7 41 LRKLCEWKKNVYRILEAEGCAYHIHMLLE! PPKMEVSSEMGY 80
SAD i1 LRKLCEWKNVRILEAEGCAYHIHMLLEIPPKMEVSSFMGY &0
ECOR72 41 LRKLGEWKSWRILEAEGCADHI|I HMLVEI PPKMSVSGEMGY &0
ECORB 41 LRKLCEWKSVRILEAEGCADHI HMLVE| PPKMSVSGFMGY &0
ECORS] 41 LRKLCEWKSVRILEAECCADHI HMLVEI PPKMSVSSFMGY B0
Emﬁﬁa 41 LRKLGCEWKSVRILEAEGGCADHI HMLVEI PPKMSVSGFMGY &0
Y. pestis 41 LRAKLCEWKNYNILEAEYCVDHIHMLLEIPPKMSVYSGFEMGY 80
HIS 81 LKGKSSLMLYEQFGDLKFKYANREFWCRGYYVDTVGKNTA 120
VP 81 LKEBKSSLMLYEQFGDLKFKYANREFWCRGYYVDTNVNGKNTA 120

COPYIV 51 L KGKSSLMLYEQFGDLKFKYANREFWCRGYYVDTVGKNTA 120
SARAI7 51 LKGKSSLMLYEQSGDLKFKYANAEFWCHGYYVDTVGKNTA 120

SAO fl LKGKSSLMLYEGSGDLKFKYANREFWCHGYYVDTYGKNTA 120
ECOR72 51

LKGKSSLMLYEQFGDLKFKYRNAEFWCHGDYVDTVGKNTA 120
ECORS 81 LKGKSSLMLYEGFGDLKFKYANRDEWCRGDYVDTYDKNTA 120
ECORSl 81 LKGKSSLMPYEQFGDLKFKYRNAREFWCRAGYYVDTVGKNTA 120
ECORS3 81 LKGKSSLMLYEQFGDLKFKYRNREFWCRGYYVDTVGKNTA 120
Y. pestis fl LKGKSSLMLYEQFGDLKFKYRNREFWCAGYYVDTVGKNTA 120
HIS 121 K1 QDY!IKHOQLEEDKMGEQLS ! PYPGSFI YGPZ 152
VP 121 KIGDY|KHQLEEDKMGEQLS | PYPGSFI| YGPZ 152
COPYIV 121 ki QDYIKHQLEEDKMGEGQGLS| PYPGSPFTGREKZ 153
SARAI7 121 KIQNYIKHOLEEDKMGEQLS | PYPGSPVYYGPZ 152
SAD 121 KIGQNYIKHOLEEDKMGEQLS| PYPGSPVYGPZ 152
ECOR72 121 KiQDY|KHOLEEDKMGEQLSI P2 143
ECOR8 121 KiIQDY|KHCOLEEDKMGEQLS ! PYPGESPFETGRKZ 153
ECOR5] 121 K1 QDY|KHOLEEDKMGEQLS | PYPGSPFTGRKZ 153
m0@3 121 KIQDY!KHOLEEDKMGEQLS! PYPGSPFTGRKZ 153
Y.pests 121 BRI QEYI KHOLEEDKMGEQLS| PYPGSPFTGRZ 152

Figure 1. Alignment of the predicted peptides encoded by the ORR80Kements from various sources. HIS, VP and SAO are the t@@el8ments sequenced

in this work. Copy IV is one of the 280 elements of th&.typhimuriunchromosome (5,6,46). SARAL17 is anotBatmonellad S200 element (3), while ECORS,
ECORS51, ECOR63 and ECOR72 ar2d8elements fronk.coli (3). An 1200 element fron¥.pestig4) is also included. Columns are shaded when more than half
of the entries are identical.

Mud-P22 prophagefl0,45). Digesons were carried out with strain SARA17 (16) and for BB0 elements fronie.coli strains
restriction enzymes that generate distinct restriction fragmentstiCOR8, ECOR51, ECOR63 and ECOR72 (16). Relevant data
the elements BOHIS, I200VP and 1R00-SAO: Hpall, are as follows.

Hadll, Hindlll, Hphl and EcdRl. Restriction fragments were (i) 1S200 copy IV is 710 bp (46), that is, 2 bpniger than
then analyzed by Southern hybridization again80@$robes. 1S200-SAO and I200-VP and 3 bp longer than280-HIS. The

The five elements proved to have identical restriction maps (dd®200element fronY.pestiss 709 bp (4). The length of the2®

not shown). These results suggest th&00Selements from elements from strains SARA17, ECORS8, ECOR51, ECOR63 and
S.typhimuriurrhave a highly conserved structure, as previouslECOR72 is not known (16).

proposed (3). Copy IV was not included in these experiments(ii) Only 1 bp change is found in the 50 bp of the left end of
because it has been already sequefd@)lit is extemely similar  1S200 copy IV, with respect to EDOHIS and IR00VP.

to both I200-HIS and I200VP (see below). Likewise, 1 bp change is found in the right end. The ends of the
IS200element fronY.pestisare also extremely similar to those of

Sequence comparisons among 280 elements from IS200-HIS, IS200SAO and 1200-VP: only 2 bp dn‘fgrences_

various sources from each of the IEO-HIS ends; 3 and 2 bp, respectively, with

the right and left ends of 260-VP; 4 and 1 bp differences with
Sequences of other 280 elements were retrieved from the the ends of I300-SAO. The ends of the 280elements found in
EMBL databank and used for further comparisons. The setrains SARA17, ECOR8, ECOR51, ECOR63 and ECOR72
guences compiled were: (i) the complete sequence of280 IS have not been sequenced (3,16).
element fromYersinia pestig6); (ii) the complete sequence of (ii) The 1S200 element fromY.pestiscontains an ORF that
IS200copy IV from the chromosome 8ftyphimuriun{46); the  potentially encodes a peptide of 151 amino acids, like
partial sequences obtained for abd@element fronsalmonella  IS200SAO, IR00VP and I200-HIS. However the ORF from
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B 1S200-HIS
GG 1S200-VP
A
GTCT Acrc 15200 copy TV
G C 1S200-SARA17
C A
G A 1S200-SAO
A T A
A
T 15:1_ TG 1S200-ECOR51
C A A T
cG Cap AAC
GG AaTA C 1S200-ECOR63
TA
AC TA
cG GTAG —l: 1S200-ECOR72
CG TA
cé Ta 1S200-ECORS
AT
CcG GC
CcG TA ————————— 1S200 Y. pestis
A 1 T
A 1
T TA
CG
AGgq: -14,1 kcal/mol 88 SD ) ) .
halel Figure 3. Evolutionary tree of 1300 elements fronSalmonella, E.coland
AATG > Yersinia constructed using the predicted amino acid sequences of the peptides
CCAATG encoded by the B0 ORF. A key for the names and acronyms used to
designate 1300 elements is given in the legend of Figure 1. The scale bar
ORF corresponds to one substitution per 100 amino acids.

AG: -24,8 kcal/mol

Outside the ORF, extremely high sequence conservation is also
Figure 2.(A) Predicted structure of the highly conserved RNA hairpin located found in the hairpin and stem-loop regions @i for instance
gu . I uctu | y 'V Irpi . .
near the left end of EDQ Base pair numbers are fo2®-HIS. (B) Predicted no differences are found in these DNA tracts be_twmﬂﬁ)py .
structure of the stem—loop RNA structure that precedes 208 GRF. ‘SD’ IV (46) and the three @inents whose sequence is reF)O"ted_ in this
indicates the position of the putative ribosome-binding-site, whose bases at0ork (IS200SAO, I200VP and IR00HIS). The putative
shown in boldface. The position of the start codon of the ORF is also shownrihosome-binding-site is also 100% conserved in al00S
elements, irrespective of their origin.

. . o .. Characterization of 1IS200insertion sites
theY.pestidS200element shows 14 amino acid differences with

the ORFs of I300-HIS and I200-VP (which are identical). The The DNA sequences flanking the2®element inserted atsD
number of amino acid differences betwee2OIBSARAL7 and show two A-T pairs at each side of the element (Fig. 4), thus
the pair IROOHIS / 1I200-VP is only five. In fact, four of these confirming that insertion of B0 at this site caused a 2 bp
changes affect the last five amino acids of the predicted peptideplication, as previously report€d0). In turn, a databank
and are caused by a single —1 frameshift20SARA 17. The  search for sequences homologous to the regions which flank the
ORF of 1I00copy IV is identical to that of EHOSARA 17. IS200insertion in pSLT indicated that280had inserted into the

(iv) The ORFs of theE.coli 1S200 elements (3) encode fimbrial operorpef(48). An extra A—T pair isolund at the 1300
potential peptides of either 152 amino acids (ECOR8, ECOR%isertion site, suggesting that2[® insertion at this site has
and ECORG63) or 142 amino acids (ECOR72). The number génerated a 1 bp duplication.
amino acid differences between these elements and the paifhe 12200 element from theS.abortusovisshromosome is
IS200HIS/IS200-VP ranges from 9 to 15. flanked by two A-T pairs at one side and eight A-T pairs at the

(v) Except when frameshifts are involved, the differences inther side (Fig. 4). Because a208-free version of this locus is
amino acid composition of the ORF underestimate the nucleotidet available, the occurrence of a duplication cannot be con-
variation among 1200 elements. For instance, the following firmed. However, the presence of A—T pairs at both sides suggests
nucleotide differences are found between the 1S200-HIS ORRat duplication of either 1 or 2 bp may have occurred.
region and the ORFs of other element20(BVP, 1 bp; 1200 Support for the hypothesis tha® may duplicate 1 or 2 bp
SARAL7, 4 bp; I300-SAO, 10 bp; IBO0ECORS51, 48 bp; and at the insertion site is provided by additional data collected from
IS200ECOR72, 49 bp; IBOECOR 63, 52 bp; IBMOECORS8, the literature (4,8) and from databases (46). These dataiédc
53 bp; I2200from Y.pestis 75 bp. in Figure 4, are as follows.

Because the ORF is the only region sequenced in2001S (i) The 1200 element inserted in thgpt gene is flanked by
elements characterized from different hosts, we used the difféhree A-T pairs at one side and four A—T pairs at the other side
ences in the composition of their predicted peptides to obtain t{&). Thus duplication of 1-3 bp may have occurred. The existence
phylogenetic tree shown in Figure 3. This tree reproduces téa duplication cannot be confirmed because the wilddppe
phylogeny of the bacterial species used as sources200 IS sequence is not available.

(Salmonella E.coli and Yersinia 14,15) and also reflects the (i) The IS200 element inserted in thievA gene ofY.pestids
relatedness amortgalmonellaspecies or serovars (47). Theseflanked by four A-T pairs at one side and two A-T pairs at the
results are therefore supportive of the model tha®0%s an  other side (4); thus duplication of 1-2 bp may have occurred. The
ancestral element of the Enterobacteria¢&@p wild-type sequence of thievA locus is not available. However,
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1S200-HIS GCGCGTTTTT v 0 77A TTACATTATC
1S200-VP AGTATATAAT G A TTCCTCTTCA
15200-SAO TTTTTTTTTT &5 TTCATTGCCG
15200 copy IV CCCGTTTATT ¢ A TTCTATCTGG
15200 gpt TGATGATTTT GTC TTTATGTTAT
15200 Y. pestis TTGCTTTATT G . TTA TTTTGGTAAA

Figure 4. Junctions between 280elements and host sequences. The three upper examples are from elements sequenced in this study; sequence<fad the other |
elements have been retrieved from the literature (4,8) or from the EMBL databank (46).

invA loci have been sequencedYrenterocolitica(49,50) and behavior of 1200 with that of elements that show regional
Y.pseudotuberculosgbl). These loci are hartogous to the specificity but not defined targets: for instancé,(E2-54), I21
Y.pestis invAgene (77 and 94%, respectively). When thg58), 150 (59,60) and 1$86 (61,62). Rgional specificity may
comparison is carried out for the 30 bp that flank the insertion sitee taken as evidence that the transposase of the element
the homology is 100% and the only difference is the presenceretognizes a topological DNA structure, rather than a defined
two extra A—T pairs at the insertion site. Thus a 2 bp duplicatidarget (63,64).
must have occurred. IS200 generates duplications of 1-2 bp at the insertion site
Alignment of 1200 insertion sites does not disclose any(Fig. 4), although the data available do not exclude the possibility
significant homologies; however, all the2(® insertion sites of longer duplications (e.g., 3 bp). If confirmed, the formation of
appear to be A+T-rich: in the neighboring 13-25 bp, theuplications of variable length would establish again a parallel-
percentages of A+T base pairs range between 76 and 95%. Them between 1200 and 19 (54,65), 121 (58) and 1386
we tentatively suggest thata® may have regional specificity (61,62).

for A+T-rich DNA tracts, like other insertion eleme(88—54). The scarcity of 1300induced mutations and the lack of
reliable transposition assays raised the question of whether the
DISCUSSION Salmonellagenome might contain inactive (i.e., degenerate)

IS200 copies (9). However, this study seems to rule out this

Sequence comparisons suggest tH20%/as already present in possibility: 1200 ‘hops’ and 1200 elements residing in the
the common ancestor d.coli Salmonellaand Yersinia a  Salmonellayenomare similar or identical; thus most, perhaps all
hypothesis that fulfills the predictions of Bisercic and OchmagalmonelldS200elements can be expected to be active. If such
(16). The ecent discovery of an 2804ike element invibrio s the case, the extremely low frequency @0®transposition
(41), a genus unrelated to enteric bacterightrindicate either (9,10) must reflect the normal befe of the element. This
the existence of ED0in remote stages of bacterial evolution orhypothesis is supported by the observation that natural isolates of
the occurrence of horizontal transfer. The latter is regarded aSalmonellashow stable 30 fingerprints (11).
rare event among bacteria (55), but itisar sequences are  Although the data available are largely descriptive, certain
potential exception§s6). In the case discussed here, the higltructural features of BB0suggest hypothetical mechanisms that
divergence between 280 elements from enterics and the might reduce the activity of the element. The putative transposase
V.choleradS200-like element seems to rule out recent horizontafjene appears to be transcribed at extremely low (ERsIn
transfer (e.g., the predicted amino acid sequence of the ORF of #gilition, the hairpin located near the left end @0Bmight
V.choleraeS200 element shows only a 40% identity with prevent transcription from external promoters and the stem—loop
IS200-HIS). Thus I200 may be an extremely old transposablethat occludes the ribosome-binding-site of the putative transpo-
element. sase gene might keep translation low. Although the existence of

The 1IS00elements characterized in this study are 707-708 bthese multiple controls awaits experimental confirmation, it
while S.typhimuriumcopy IV is 710 bp (46) and thépestis  provides a model to explain the paradoxical behavio28Q&in
IS200element is 709 bp (4). A size of 707—710 bp mak280S insertion element that rarely ‘hops’. A low frequency of
one of the smallest insertion elements found in badf&P  transposition can be viewed as a self-restraint mech&6&m
Another relevant feature, the lack of terminal repeats, is rateusthe low activity of 1200 might have actually favored its
among prokaryotic insertion elemerffs?), albeit with well-  evolutionary persistence.
known exceptions like bacteriophage {8ir).

All 1S200 insertion sites show a high A+T content, but axckNOWLEDGEMENTS
consensus target site cannot be deduced from the insertion sites
available. If the number of targets studied is significant, th&his study was supported by grant PB93/649 from the Direccién
preference of IZ00 for A+T-rich regions may correlate the General de Investigacion Cientifica y Técnica (DGICYT) of



Nucleic Acids Research, 1997, Vol. 25, No. 71361

Spain. Additional funding was provided by the RegionaB2 Swofford, D. L. (1993) PAUP: phylogenetic analysis using parsimony,
Government of Andalusia (Junta de Andalucia). We are gratefy] Version 3.1.1.lllinois Natural History Survey, Champaign, IL.

to Angela Schiaffino for her contribution to the cloning of Ergeeﬁgnpé%f'gndégﬁi:’s& R. (1NGnerical Taxonomiw’. H.
IS200-SAO, to Javier Ruiz Albert for advice about DNA 34 Gibert, I., Carroll, K., Hillyard, D. R., Barbé, J. and Casadess, J. (1991)
sequencing, to Nicolas Prados for help with computer programs Nucleic Acids Resl9, 1343.

and to Gabriel Gutiérrez for advice on phylogenetic trees. W& Winkler, M. E. (1996) In Neidhardt, F. C., Curtiss, R. Il Ingraham, J. L.,
thank John Roth, Ken Haack, Fernando Govantes and Eduardol™ A- C. C.. Low, K. B., Magasanik, B., Reznikoff, W. S., Riley, M.,

. . Schaechter, M. and Umbarger, H. E. (¢es)herichia coli and
Santero for helpful discussions. We also acknowledge the Salmonella. Cellular and Molecular Biologdnd. edition. American

efficient assistance received from José Coérdoba and Luis Society for Microbiology, Washington, DC, pp. 485-505.
Romanco. 36 Arber, W, lida, S., Jutte, H., Caspers, P., Meyer, J. and Hanni, C. (1978)
Cold Spring Harbor Symp. Quant. Bj@l3, 1197-1208.
37 Green, L., Miller, R., Dykhuizen, D. E. and Hartl, D. L. (198)c. Natl.

REFERENCES Acad. Sci. US/81, 4500-4504.
38 Naas, T., Blot, M., Fitch, W. M. and Arber, W. (19&8netics136
1 Lam, S. T. and Roth J. R. (19832l 34, 951-960. 721-730.
2 Gibert, I, Barbé, J. and Casadesus, J. (1898¢n. Microbiol.136, 39 Anderson, R. P. and Roth, J. R. (1926)d Spring Harbor Symp. Quant.
2555-2560. Biol., 43, 1083-1087.
3 Bisercic, M. and Ochman, H. (1993gnetics133 449-454. 40 Lam, S. T. and Roth, J. R. (1986Mol. Biol, 187, 157-167.
4 Simonet, M., Riot, B., Fortineau, N. and Berche, P. (1886)t. Immun. 41 Bik, E. M., Gouw, R. D. and Mooi, F. R. (1996)Clin. Microbiol, 34,
64,375-379. 1453-1461.
5 Lam, S. T. and Roth, J. R. (1983¢netics105,801-811. 42 Haack, K. R. and Roth, J. R. (19@%)netics141, 1245-1252.
6 Sanderson, K. E., Sciore, P, Liu, S. L. and Hessel, A. (1982icteriol, 43 Shine, J. and Dalgarno, L. (19T%&turg 254, 34-38.
175,7624-7628. 44 Draper, D. E. (1996) In Neidhardt, F. C., Curtiss, R. lll, Ingraham, J. L.,
7 Casadesus, J. and Roth, J. R. (1888) Gen. Genet216,210-216. Lin, A. C. C., Low, K. B., Magasanik, B., Reznikoff, W, S., Riley, M.,
8 O'Reilly, C., Black, G. W.,, Laffey, R. and McConnell, D. J. (1990) Schaechter, M. and Umbarger, H. E. (d&)herichia coli and
J. Bacteriol, 172,6599-6601. Salmonella. Cellular and Molecular Biologdnd. edition. American
9 CasadesuUs, J., Beuzon, C. R. and Gibert, |. (186@t. (Life Sci. Ady.) Society for Microbiology, Washington, D. C., pp. 902-908.
11, 179-186. 45 Youderian, P., Sugiono, P., Brewer, K., Higgins, N. P. and Elliott, T. (1988)
10 Beuzon, C. R. (199&tructural and functional analysis of insertion Genetics118 581-592.
element 1S20@Ph. D. Thesis, University of Seville, Seville, Spain. 46 Burnens, A. P., Stanley, J., Hunkizer, P., Brodard, |. and Nicolet, J.
11 Schiaffino, A., Beuzén, C. R., Uzzau, S., Leori, G., Cappuccinelli. P., (unpublished) 254217.
Casadesus, J. and Rubino, S. (1298)l. Environ. Microbiol.62, 47 Brenner, D. J. (1984) In Krieg. N. R. and Holt, J. G. (Bdgjey's
2375-2380. Manual of Systematic Bacteriologyilliams & Wilkins, Baltimore and
12 Galas, D. J. and Chandler, M. (1989) In Berg, D. E. and Howe, M. M. London, pp. 408—430.
(eds)Mobile DNA American Society for Microbiology, Washington, DC, 48 Friedrich. M. J., Kinsey, N. E., Vila, J. and Kadner, R. J. (1/908)
pp. 109-162. Microbiol., 8, 543-558.
13 Finnegan, D. J. (198%)ends Genet5, 103-107. 49 Young, V. B., Miller, V. L., Falkow, S. and Schoolnik, G. K. (19910).

14 Ochman, H. and Wilson, A. C. (1987) In Neidhardt. F. C., Ingraham, J. L., ~ Microbiol., 4, 1119-1128.
Low, K. B., Magasanik, B., Schaechter, M. and Umbarger, H. E. (eds) 50 Pepe, J. C., Badger, J. L. and Miller, V. L. (19€@4). Microbiol,, 11,

Escherichia coli and Salmonella typhimurium. Cellular and Molecular 123-135.
Biology American Society for Microbiology, Washington, DC, pp. 51 Isberg, R. R., Voorhis, D. L. and Falkow, S. (198&l), 50, 769-778.
1649-1654. 52 Meyer, J., lida, S. and Arber, W. (1980)I. Gen. Genetl178,471-473.

15 Lawrence, J. G., Hartl, D. L. and Ochman, H. (199Gen. Microbiol. 53 Galas, D. J., Calos, P. and Miller, J. H. (1980)lol. Biol, 144,19-41.
137,1911-1921. 54 Zerbib, D., Gamas, P., Chandler, M., Prentki, P., Bass, S. and Galas, D.

16 Bisercic, M. and Ochman, H. (199B)Bacteriol, 175 7863—7868. (1985)J. Mol. Biol, 185 517-524.

17 Colombo, M. M., Leori, G., Rubino, S., Barbato, A. and Cappuccinelli, P. 55 Maynard Smith, J., Dowson, C. G. and Spratt, B. G. (19atlLire 349,
(1992)J. Gen. Microbiol.138 725-731. 29-31.

18 Inoue, H., Nojima, H. and Okayama, H. (19G@he 93, 26-28. 56 Lawrence, J. G., Ochman, H. and Hartl, D. L. (1@)etics131, 9-20.

19 Yanisch-Perron, V., Vieira, J. and Messing, J. (1885)e 33, 103-119. 57 Chaconas, G. (1987) In Symonds, N., Toussaint, A., van de Putte, P. and

20 Garzon, A, Beuzon, C. R., Mahan, M. J. and Casadesus, J.NI$96) Howe, M. M.Bacteriophage MuCold Spring Harbor Laboratory, Cold
Gen. Genet250 570-580. Spring Harbor, NY, pp. 137-157.

21 Sambrook, J., Fritsch, E. F. and Maniatis, T. (1888¢cular Cloning A 58 Reimmann, C., Moore, R., Little, S., Savioz, A., Willetts, N. S. and Haas,
Laboratory Manual2nd. edition. Cold Spring Harbor Laboratory Press, D. (1989)Mol. Gen. Genet215 416-424.
Cold Spring Harbor, NY. 59 Berg, D. E., Schmandt, M. A. and Lowe, J. B. (19B&)etics105

22 Schmieger, H. (1972 ol. Gen. Genet119 75-88. 813-828.

23 Tinge, S. A. and Curtiss, R. Il (199@fect. Immun.58, 3084—3092. 60 Lupski, J. R., Gershon, P., Osaki, L. S. and Godson, G. N. (G884)

24 Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G., 30, 99-106.
Smith, J. A. and Struhl, K. (198Qurrent Protocols in Molecular Biology 61 Kothary, R. K., Jones, D. and Candido, P. E. (198Bacteriol, 164,

Greene Publishing Associates & Wiley Interscience, New York, NY. 957-959.

25 Stephen, D., Jones, C. and Schofield, P. J. (28¢ic Acids Resl8, 62 Sengstag, C., lida, S., Hiestand-Nauer, R. and Arber, W. (G&@8@)49,
7463-7464. 153-156.

26 Holmes, D. S. and Quigley, M. (198W1)al. Biochem.114, 193-197. 63 Stellwagen, N. C. (198Bjochemistry22, 6186—6193.

27 Southern, E. M. (1975) Mol. Biol, 98, 503-517. 64 Gamas, P., Chandler, M. G., Prenkti, P. and Galas, D. J. (1L983).

28 Boyle, J. S. and Lew, A. M. (199Bends Genetl1, 8. Biol., 195 261-272.

29 Sanger, F., Nicklen, S. and Coulson, A. R. (197@¢. Natl. Acad. Sci. 65 lida, S., Hiestand-Nauer, R. and Arber, W. (1986%. Natl. Acad. Sci.
USA 74, 5463-5467. USA 82, 839-843.

30 Program Manual for the Wisconsin Package, Version 8 (1994). 66 Doolittle, W. F., Kirkwood, T. B. L. and Dempster, M. A. H. (1984)

31 Zuker, M. (1989Methods Enzymol180, 262—288. Nature 307, 501-502.



