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Characterization of A New Staphylococcal Site-Specific
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A new site-specific recombinase sin, as a component of a putative transposon has been cloned
and its base sequence has been determined. The proposed sin shows a high degree of homology
with pl9789-sin and pSK1-sin. There is a large (16 bp) inverted repeat downstream of proposed
sin and the postulated helix-turn-helix motif is located at the extreme C-terminus of the proposed
Sin. The transposase gene (tnpA) and B-lactamase gene (blaZ) are located upstream of sin and ar-
senate reductase gene (arsC) and arsenic efflux pump protein gene (arsB) are downstream. This
genetic arrangement seems to be a part of a new putative transposon because there is no known
transposon with a gene arrangement of tnpA-blaZ-sin-arsC.
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Bacterial transposable elements are specific seg-
ments of DNA carrying antibiotic-resistance genes
and can translocate as discrete units causing ins-
ertional polar mutations (2).

It has been analyzed that the antibiotic-resistant
transposons have two basic genetic arrangements.
The first one, compound transposons or class I trans-
posons such as Tnb5 and Tnl0 has an antibiotic
resistance determinant flanked by an IS element
either as direct or as inverted repeats. In this class,
IS elements take charge of the transposition of the
intervening drug resistance gene(s). The second
class of transposon, class 11 transposons or complex
transposon such as Tnl is usually flanked by 30 to
40 bp inverted repeats. Genes related to transposi-
tion and antibiotic-resistance are located between
these inverted repeats (1). Another distinct class of
bacterial transposable elements includes the tem-
perate bacteriophage Mu and related phages. They
are distinguished from the common transposon by
the viral life style and a lack of a heritable pro-
perty on the host bacterium (6). It has been de-
monstrated that the transposition process is in-
dependent of host recA function (10). Instead, it re-
quires an element-specified function known as a
transposase (8). Several other genomic rearrange-
ments such as deletions, inversions, and excisions
are also catalyzed by transposable elements in a
recA” background (6).

Previously, we have cloned and analyzed a bla
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gene containing a HindIIl fragment from chromo-
somal DNA of ampicillin-resistant Staphylococcus
aureus. The fact that the upstream region of bla
structural gene is a truncated C terminus of Tn
4001 transposase (5) indicates that the bla struc-
tural gene was part of a transposon and is now in-
tegrated into the chromosomal DNA of Staphylo-
coccus aureus as a result of transposition. The
plasmid-mediated bla structural gene has been ex-
tensively studied in staphylococcal systems as well
as in Bacillus licheniformis and Escherichia fae-
calis (17).

In this paper, we are reporting a new ORF with
high homology to sin, the potential recombinases
from staphylococcal plasmid pI9789 and pSK1.
Both are transposon-conferring plasmids.

Materials and Methods

Strains and plasmids
Bacterial strains and plasmids used and their
source are listed in Table 1.

Chemicals and enzymes

All restriction endonucleases, Klenow fragments,
and T4 ligase were purchased from New England
Biolabs and Promega. Fine reagents such as IPTG,
X-gal, lysozyme, lysostaphin, RNase, urea, acrylam-
ide, as well as various antibiotics such as am-
picillin, chloramphenicol, and erythromycin were
bought from Sigma Chemical Co. Media and com-
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Table 1. Bacterial strains, phages, and plasmids
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Strains

Relevant genotypes or phenotypes

Reference or Source

Bacterial Strains
S. aureus ATCC6538
S. aureus SBK110
E. coli HB101
E. coli MV1190

Wild-Type
Am', T, Km"

F, recAl3, arai4, proA2, galK2
AUac-proAB) thi, supE44

ATCC

Byeon et al. (1985)

G. Cooper

J. A. Fuchs (Univ. of Minn.)

A(sri-recA) 306:Tnl10(Te)
[F' traD36 proAB lac? lacZ /A M15]

Plasmids and phages

pBR322 Te, Am’
pUC119 Am’
M13mp18 M13 phage
M13mpl19 M13 phage

J. Messing
J. Messing
J. Messing

Abb. : Te, tetracycline; Am, ampicillin; Cm, chrolamphenicol; Em, erythromycin; Km, kanamycin.

ponents for culturing bacterial strains were pur-
chased from Difco Lab.

Transformation of Staphylococcus aureus

For transformation of S. aureus, protoplasts were
prepared as described by Gotz, et al. (7). 10 ml sam-
ples of bacterial cells grown to the stationary
phase (approximately 2x 10° colony-forming units
per ml) in trypticase soy broth (Becton Dickinson
Co., MD. USA) were harvested and suspended to
the same volume in sucrose-maleate-MgCl,-Penas-
say (SMMP) medium (7.5 parts of sucrose-maleate-
MgCl; (SMM) buffer (1M sucrose, 0.04 M maleate,
0.04M MgCl,, pH6.5), 2 parts of 7% Penassay
broth (Difco, USA), 0.5 parts of 10% bovine serum
albumin) (7). Lysostaphin and lysozyme were add-
ed to 20 pg/ml and 2 mg/ml, in final concentrations,
respectively, and the cell suspensions were in-
cubated at 37°C with gentle shaking. The ab-
sorbancy at 540 nm decreased with incubation time.
Incubation was carried out until the absorbancy be-
came constant, which for S. aureus usually oc-
curred within 3hrs.

Cloning and identification of bla expression
in S. aureus

Transformants were screened with a polyvinyl
alcohol (PVA)-iodine B-lactamase plate assay (19).
In the assay, PVA (0.75%; Sigma Chemical Co.)
was incorporated into the agar. Colonies were
placed with a toothpick onto a PVA plate and a
corresponding PVA-cephalosporin C (2 pg/ml for in-
duction of B-lactamase production) plate, and the
plates were incubated overnight at 37°C. Both plates
were flooded with a KI-I, solution so that a blue I.-
PVA complex was formed. After draining the plate,
a 1% solution of penicillin was added. The penicilloic
acid produced by the action of the B-lactamase on
penicillin reacted with the iodine, resulting in a

clearing around the B-lactamase-producing colonies.
The phenotype (constitutive or inducible) of the colo-
ny could be determined by comparing the size of the
clearing on the plate containing cephalosporin C
with that of the clearing on the plate without
cephalosporin C.

DNA sequencing and homology analysis

The nucleotide sequence of the putative tran-
sposon from Staphylococcus aureus SBK110 chro-
mosomal DNA was determined by the Sanger di-
deoxynucleotide chain termination method (16) us-
ing a chemiluminescent Uniplex DNA Sequencing
Kit Millipore Co.).

Sequence data for homology analysis were ob-
tained from GenBank, National Center for Biotech-
nology Information (NCBI), NIH, USA by 'retrieve'
program and were analyzed by DNASIS program
(Hitachi Co.) or BLASTn' of NCBI on Internet.

Results and Discussion

Cloning of blaZ flanking region in S. aureus
The 3' downstream region of blaZ was cloned
and sequenced. Homology search of the sequence of
this region identified an ORF that is a member of
the sin, a sequence specific recombinase gene. Sin-
ce the bioassay of Sin has not been established yet,
the blaZ-sin-linked fragment was the object for the
subcloning of sin gene. Presence of the bla gene
was confirmed by measuring the B-lactamase ac-
tivity of transformant. Staphylococcal or strep-
tococcal genes could be easily cloned and maintained
in Bacillus subtilis because all these bacteria are
gram positive bacteria and because cloning vectors
and methods of transformation in Bacillus system
are well established. However, it was found that Ba-
cillus is not suitable as a cloning host of bla gene be-
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Fig. 1. Sequencing strategy of sin and genetic organization
of the putative transposon.

cause it showed very delicate responses to ampicillin
concentration. So we adopted a Staphylococcus sys-
tem for bla gene cloning.

Base sequence determination and homology
analysis of sin

The nucleotide sequence of the HindIII (3.4 kb)
fragment containing the sin gene was determined
by the dideoxynucleotide chain termination method
{Fig. 2). The sequencing strategy and restriction
map of the HindIll (3.4kb) fragment are shown
(Fig. 1). The region immediately downstream of the
bla gene is a proposed sin showing a high degree of
homology to pl9789-sin and pSK1-sin. It encodes a
member of a closely related ‘superfamily of site-
specific recombinases that includes the DNA inv-
ertases Hin (Salmonella typhimurium), Gin (phage
Mu), Cin (phages P1 and P7), and Pin (Escherichia
coli) and the resolvases of Tn3-class transposons
(13). Resolvases and DNA invertases share consi-
derable amino acid sequence homology (Fig. 3A).
Analysis of resolvase and DNA invertases has
shown that a hinge region that contains a con-
served glycine connects two major structural
domains: an N-terminal catalytic and dimerization
domain and a C-terminal DNA-binding domain (13).
The postulated helix-turn-helix motif is at the ex-
treme C-terminus of the proposed Sin (Fig. 2).
There is a large (16 bp) inverted repeat down-
stream of the proposed sin (Fig. 2).

Genetic organization of blaZ-sin conferring tr-
ansposon

We have published in a previous paper that
there is a truncated 3'-terminus of Tn4001-tran-
sposase (tnpA) upstream of blaZ gene on 3.4kb
HindIll fragment (5). Further analysis of the genet-
ic organization of this fragment reveals that this se-
quence seems to be part of a putative transposon.
The HindIll fragments were originally cloned from
chromosomal DNA of S. aureus and it is believed
that the transposase gene and [-lactamase gene
found on the HindIIl fragment are not native genes
of chromosomes but of a transposon. However, there
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EcoRY

_QAEIQAMAACTGATTTTCCC1'CTATTATTTTCGAMTTTATTTTCTTMTTCTCTTTMCMACTAGMATATTGTATATA
CAAAAAATTATAATATAATAATAGTAAGGTCTAATTATAGGTTGTTCATCTAGATGAATAGTTT) AATTATAGGTGTTCA
TCAATCGAAAAAGCAACGTATCTTATTTAAAGTGCGTTGCTTTTTTCT! CATTTATAAGGTTAAATAATTCTCATATATC | 320
MGCAAAGTGACAATTTAWGMTTTATAGTAGCTTAMCGTATGATTAGGGTGTATATTMTTATMTGAMCTM

Met |le val Giy Tyr Ala Arg Val Ser Ser [le Asp Gin Asn Leu Giu Arg GIn Leu Asp 20
ATG ATT GTA GGA TAY GCT AGG GTC TCT TCT ATC GAT CAA AAT TTA GAA AGA CAG TTA GAT 60

2t Asn Leu Lys Thr Phe Gly Vai Glu Lys tle Phs Thr Glu Asn Arg GIn Ser Gly Lys Ser 40
61 AAT TTG AAA ACG TTT GGC GTG GAG AAA ATA TTT ACA GAA AAT CGC CAA TCA GGC AAA TCA  i20

41 (e Thr Asn Arg Prc Val Phe Gln Glu Ala Leu Asn Phe Val Arg Met Gly Asp Arg Phe 60
121 ATT ACA AAT AGA CCT GTA TTT CAA GAG GCC CTA AAT TTT GTG AGA ATG GGA GAT CGT TTT 180

61 VYal Glu Val Leu Leu |le Arg Leu Gly Arg Asn Tyr Asp Giu Val lle Asn Thr Val Asn 80
181 GTG GAA GTC CTA TTC ATC CGT TTA GGT CGT AAT TAT GAT GAA GTC ATT AAT ACC GTT AAT 240

81 Tyr Leu Lys Asp Lys Glu Val Gin Leu Met [le Thr Ser Pro Ser Pro Met Met Asn Giu 100
241 TAT CTA AAG GAT AAA GAA GTA CAA TTG ATG ATT ACC AGC CCC TCC CCA ATG ATG AAT GAA 300

131 Val 1le Gly Asn Pro Leu Leu Asp Lys Phe Met Lys Asp Leu Ile Ile GIn lle Leu Ala 120
301 GTG ATT GGC AAT CCT TTA TTA GAT AAA TTT ATG AAA GAT TTA ATT ATA CAG ATA TTA GCA 360

121 Met Val! Ser Glu Gl Giu Arg Asn Glu Ser Lys Arg Arg Gin Ala Gin Gly tie Gin Val 140
361 ATG GTT TCA GAA CA® GAA AGA AAT GAA AGT AAA CGT CGA CAA GCT CAA GGC ATT CAA GTT 420

141 Ala Lys Glu Lys Gly Val Tyr Lys Gly Arg Pro Leu Leu Tyr Ser Pro Asn Ala Lys Asp 160
42i GCG AAA GAA AAA GGC GTA TAT AAA GGG CGT CCT TTG CTT TAT TCA CCG AAC GCG AAA GAT 480

167 Pro GIn Lys Arg Va! ile Tyr His Arg Val Val Glu Met Ley Glu Giu Gly GIn Ala |ie 180
48 CCC CAA AAA (EGT GTT ATC TAT CAT CGA GTT GTC GAA ATG TTA GAA GAA GGG CAA GCA ATT 540

Helix } Helix 2

181 Ser Lys Ile Ala Lys Glu Val Asn |le Thr _Arg Gin Thr Val Tyr_Arg [le Lys 4is Asp 200
541 AGT AAG ATT GLG AAA GAG GTT AAT ATT ACA AGA CAG ACA GTT TAT AGA ATT AAA CAT GAT 600

201 Asn Gly Leu Ser «#x #ux 205
601 AAT GGA TTA TCT TGA TAA ATGGATTCTCAATGCAAATGAGCGTTTCTCACAGCGTCCCCAAAATATATGTTAR 673

674 TCATGTATTATGAGATT TTAATAATAAGAGAGGAAAAMAAGAAAGCGT TTGTCAGTTTTGGATTTATATGGCACAMATT 75 2
753 TTGTTCTTTAAATGGCAAAACACCTCTTATTAACTAAATAAGAGGTGT TTATGATTATCTCAATTTAAACTTTTCTATA 83’

832 GCTAATTTAATCTCGTCTCTAACACGTTGGAATTC 866
EcoR|

Fig. 2. The nucieotide sequence of the 1.2kb EcoRV-EcoRI
fragment containing sin gene from 3.4 kb HindIIl fragment
and deduced amino acid sequence of Sin. Two regions of in-
verted repeats downstream of sin are indicated by arrows be-
low the nucleotide sequence.

is no known transposon with a gene arrangement
like ours, namely, in tnpA-blaZ-sin configuration. Se-
quence homology searches of genes on HindlIl frag-
ment with GenBank data enabled us to find several
genes from different sources.

As mentioned earlier, the amino acid sequence of
our truncated 3' region of inpA was exactly same as
that of Tn4001 (3). But Tn4001 has two regions that
are homologous with our truncated-fnpA sequence:
one is in the full {npA sequence and the other is a
truncated-tnpA that is same size as our sequence. It
suggests that the truncated tnpA of our HindIII frag-
ment might not be part of a functional tnpA, but
only a drifting sequence produced by transpositional
intragenic intervening or translocation. No sequence
of Tn4001 other than tnpA has any homology with
the sequence of HindIII fragment.

The blaZ homologous sequence is found on the
right end of Tnb552, actually in Tn552-integrated
pS1 (12, 15). Immediately outside of Tn552-blaZ is
sin gene with a sequence 100% identical to that of
pl9789 (18). We do not have enough information
whether the blaZ-sin link as in pS1 is a more ad-
vanced arrangement than a separate existence as
in pl9789. The proposed sin shows significant
homology with known potential recombinase genes,
sin of pl9789 (185/204, 90.7%), and sin of pSK1
(186/204, 91.1%) (Fig. 3B). The sin gene is followed
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Fig. 8. (A) Amino acid sequence alignment of 13 site-specific
DNA recombinases having homology with Sin. Numbers on
each line refer to the positions of the amino acid. Asterisks
(*) indicate position where amino acids are identical in all
position, and pluses (+) indicate those where amino acids
are similar. The position of the putative DNA-binding helix-
turn-helix motif is indicated by a line above the sequence.
The predicted amino acid sequences compared include the
invertases of the putative transposon (this study, p), pI9789
and pSK1 from S. aureus (11, 17), Pin from Shigella boydii,
Gin from phage Mu, and Cin from phage Pl. The re-
combinases are Tn5422 from L. monocytogenes, Tn917 from
E. faecalis, the putative transposon from B. firmus, and Tn
1546 from E. faecium, Tn 501 from P. aeruginosa, Tn3 from
E. coli, Tn21 from S. flexneri (11). (B) Only three invertases
from S. aureus are compared. "~ designates identical amino
acid as Sin of the putative transposon (11, 17).

by arsenate reductase gene (arsC) and arsenic ef-
flux pump protein gene (arsB) in a reverse direction
as a sin =), arsC (), arsB (—) arrangement. The
same arrangement is found on pI258, in which only
the truncated, 3' region of sin (from 133rd amino
acid to the end, 204th amino acid) is linked to arsC
gene (9) (Fig. 4). The amino acid sequences of the
two overlapped regions of sin are identical as seen
in Fig. 3, but base sequence of the two genes are not
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& {

¥
tnoA(truncated) blaZ sin arsgC ars8
—t 4t Trd001
——— —
tnpA(truncated) tnpA {full seq.)
{Tn552) —
t —+ pS1(Tns52)
biaZz sin
+—t p19789
binR sin
+—— - pSK1
—
sin
— + pl258
L —
truncated sin arsC arsk

Fig. 4. Physical maps of transposons or plasmids containing
genes with homology to those of the putative transposon.
The regions showing homology with the putative transposon
are indicated as a thick line. The blaZ is a component of Tn
552 and in plasmid pS1-sin is located next to blaZ (11). The
sin of pS1 is exactly same as that of pl9789. pSKl-sin is
another staphylococcal sin that shows higher homology to
that of our transposon. The sin-arsC-arsB arrangement is re-
cognized in pI258 (9). Truncated sin is part of pI9789-sin.

same. Two bases are different in the overlapping re-
gion (data are not shown).

There is a large (16 bp) inverted repeat down-
stream of the proposed sin which might participate
in transcription termination although it is some-
what distant from the end of the gene (13). On the
other hand, it may constitute part of the adjacent
asa-asi-ant operon (encodes resistance to arsenate,
arsenite and antimony), which is flanked by
~200bp inverted repeats and may once have been
transposable (15). The helix-turn-helix structure
which is located at C-terminus of Sin is believed to
be a gpecific binding domain to any res site and
shows a high degree of homology to other res sites
(4). The integrity of the gene suggests that it has a
function that perhaps involves the potential N-ter-
minal strand exchange activity. The proposed sin
is a representative of the branch of resolvases from
which the DNA invertases appear to have evolved
{13, 14); this might be relevant to the question of
topological specificity. It is logical to suggest that
our transposon seem to replicate via a co-integrate
intermediate (generated by a transposase) that is
resolved by the proposed sin.

Acknowledgement

This work was supported by a grant from the
Genetic Engineering Research Fund (1994) from
the Ministry of Education of Korea to W. -H. Byeon.

References

1. Bennett, P. 1985. Bacterial Transposons, p. 97-115. In



96

10.

Yong et al.

dJ. Scaife, D. Leach, A. Galizzi (ed.) Getics of Bacteria.
Academic Press Inc, London.

. Berg, D.E., J. Davies, B. Allet, and J.D. Rochaix.

1975. Transposition of R factor genes to bacteriophage A.
Pro. Natl. Acad. Sci. 72, 3628-3632.

. Byrne, M.E,, Rouch, D.A,, and R.A. Skurray. 1989.

Nucleotide sequence analysis of 1S256 from the Staphylo-
coccus aureus gentamycin-tobramycin-kanamycin-resis-
tance transposon Tn4001. Gene 81, 361-367.

. Derbise, A., K.G. Dyke, and N. el Solh. 1995. Rear-

rangement in the staphylococcal B-lactamase encoding
plasmid, pIP1066, including a DNA inversion that
generates two alternative transposon. Mol. Microbiol. 17,
769-779.

. Kim, Y.S,, KI. Min, and W.-H. Byeon. 1994. Genetic

organization of an inducible B-lactamase gene isolated
from chromosomal DNA of Staphylococcus aureus. Kor.
Jour. Microbiol. 32, 20-27.

. Chung, J.H. 1985. Structural and functional require-

ments for IS 50-specific recombination. Ph. D. thesis.
Seoul National University, Korea.

. Gotz, F., B. Kreutz, and K.H. Schleifer. 1983. Proto-

plast transformation of Staphylococcus carnosus
plasmid DNA. Mol. Gen. Genet. 189, 340-342.

by

. Halling. S.M., R.W. Simons, J.C. Way, R.B. Walsh,

and N. Klckner. 1982. DNA sequence organization of
1S10-right of Tnl0 and comparison with IS-left. Pro.
Natl. Acad. Sci. 79, 2608-2612.

. Ji, G., and S. Silver. 1992. Regulation and expression

of arsenic resistance operon From Staphylococcus aureus
plasmid pI258. J. Bacteriol. 174, 3684-3694.

Kopecko, D.J., and S.N. Cohen. 1975. Site-specific
recA-independent recombination between bacterial pla-
smid: involvement of palindromes at the recombinational
loci. Pro. Natl. Acad. Sct. 72, 1373-1377.

11

12.

13.

14.

15.

16.

17.

18.

19.

J. Microbiol.

. Lebrun, M., A. Audurier, and P. Cossart. 1994. Pla-
smid-borne cadmium resistance genes in Listeria mono-
cytogenes are present on Tnb422, a novel transposon
closely related to Tn917. J. Bacteriol. 176, 3049-3061.
Paulsen, LT., M.T. Gillespie, T.G. Littlejohn, O. Han-
vivatvong, S. Rowland, K.G.H. Dyke, and R. A. Skur-
ray. 1994. Characterization of sin, a potential re-
combinase-encoding gene from Staphylococcus
Gene. 141, 109-114.

Rowland, S.J., and K. G.H. Dyke. 1989. Characteri-
zation of the staphylococcal B-lactamase transposon Tn552.
EMBO. J. 8, 2761-2773.

Rowland, S.J., and K.G.H. Dyke. 1990. Tn552, a novel
transposable element from Staphylococcus aureus. Mol. Mi-
cro. 4, 961-975.

Rowland, S.J.,, D.J. Sherratt, WM. Stark, and M.R.
Boocock. 1995. Tnb52 transposase purification and in vi-
tro activities. EMBO J. 14, 196-205.

Sanger, F., S. Nicklen, and A.R. Coulson. 1977.
Sequencing with chain termination inhibitors. Pro. Natl.
Acad. Sci. 74, 5463-5467.

Smith, M.C., and EM. Barbara. 1992. Sequence analy-
sis of the B-lactamase repressor from Staphylococcus au-
reus and hybridization studies B-lactamase-producing iso-
lates of Escherichia faecalis. Anti. Agent. Chem. 36, 2265-
2269.

Sohail, M., M. Oldridge, and K.G. Dyke. 1995. In-
teraction of tne chromosomal Tnb51 with two ther-
mosensitive derivatives, pS1 and p8D, of plasmid pI9789
in Staphylococcus aureus. FEMS Microbiol Lett. 127,
165-170.

Zscheck, K.K.. and B.E. Murray. 1993. Genes involved
in the regulation of B-lactamase production in En-
terococci and Staphylococci. Anti. Agent. Chem. 37, 1966-
1970.

aureus.



