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The structural gene for P-lactamase in the Staphylococcus aureus plasmid p1258 was cloned into a

Staphylococcus aureus-Bacillus subtilis-Escherichia coli shuttle vector, pWN101, and the nucleotide sequence of
the gene was determined. pWN101 was structurally stable and the ,B-lactamase gene was expressed efficiently
from its native promoter and ribosome-binding site in all three hosts.

Plasmid-encoded ,B-lactamases (EC 3.5.2.6.) from Staph-
ylococcus aureus are relatively small, single-chain
exoproteins whose synthesis is inducible by a variety of
,-lactam compounds. The enzymes are well characterized
both enzymologically and structurally (1, 14, 22). They are

extremely active, having both high substrate affinity and high
turnover numbers (in the range of 104/min). Moreover, they
can be accurately assayed by a variety of very sensitive
techniques (13, 18, 24). The promoter and the region encod-
ing the signal peptide for the p1258 ,-lactamase (16) gene

have been mapped and sequenced previously (9, 10). Here,
we report completion of the nucleotide sequence of the
structural gene, as well as the construction of a Staphylo-
coccus aureus-Bacillus subtilis-Escherichia coli shuttle vec-
tor containing the gene. We found that the vector was
structurally stable in all these hosts and that the gene was
expressed efficiently using its native promoter and ribosome-
binding site.
To establish the p1258 P-lactamase gene (blaZ) in S.

aureus and B. subtilis, as well as in E. coli, we ligated
HindIlI digests of the blaZ-containing E. coli plasmid pAO7
(19) and the S. aureus and B. subtilis plasmid pC194 (4, 5)
(Fig. 1). All seven HindlIl clones obtained by transformation
of E. coli AB259 (HfrH thi-J rel-I X-) (8) had the two
plasmids joined in the same orientation. The resulting
cointegrate plasmid, pWN101, was used to transform B.
subtilis BD224 (trpC2 recE4 thr-5) (BGSC 1A46) frozen
competent cells (3) and S. aureus RN4220 (7) (a mutant that
is an efficient acceptor of E. coli DNA) protoplasts (11), with
selection for chloramphenicol resistance (5 ,ug/ml). For each
host, plasmid DNA from several transformants was charac-
terized by restriction nuclease analysis and was found to be
intact. However, the plasmid showed moderate hereditary
instability in all three host strains, since colonies grown on
agar plates in the absence of the selective antibiotic exhib-
ited sectoring in the N-phenyl-1-naphthylamine-azo-0-
carboxybenzene test (15) (data not shown).
The DNA sequence of the blaZ gene and the flanking

regions is shown in Fig. 2. The deduced amino acid sequence
of the exoenzyme is identical to that determined previously
from analysis of tryptic, chymotryptic, peptic, and CNBr
peptides of ,B-lactamase (1). The putative promoter region,
ribosome-binding site, repressor-binding site, and deduced
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amino acid sequence of the signal peptide are identical to
those described previously (9). No sequence characteristic
of typical Rho-independent transcription terminators (25)
was found in the 170-base-pair sequence following the trans-
lation termination codon of blaZ. Although the P-lactamase
of S. aureus shows 40% homology with that of Bacillus
licheniformis (2), its nucleotide sequence shows very low
homology with that of B. licheniformis. This results from the
fact that codon usage in the two organisms is quite different
(data not shown).
The p-lactamase activities in both whole cultures and

supernatants of pWN101-harboring E. coli, B. subtilis, and
S. aureus and pI258-harboring S. aureus (17) were deter-
mined as described by O'Callaghan et al. (18). As shown in
Fig. 3, 3-lactamase specific activity peaked in the mid-
exponential phase for S. aureus and B. subtilis and in the
early exponential phase for E. coli. Production in E. coli
seemed anomalous in that specific enzyme activity declined
throughout exponential-phase growth. It is known that class
A P-lactamase in gram-positive bacteria forms a mature
membrane-bound hydrophobic form as well as a mature
soluble exoenzyme (12). Under the conditions of these
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FIG. 1. Construction of the blaZ-containing S. aureus-B. subti-
lis-E. coli shuttle vector pWN101. pWN101 Was constructed by
joining the E. coli plasmid pAO7 (-) and the S. aureus and B.
subtilis plasmid pC194 (_) at the unique HindIII site of each
plasmid. ori(S) indicates the replication origin region of pWN101 in
S. aureus and B. subtilis, and ori(E) indicates the region in E. coli.
blaI-, the mutant repressor gene for blaZ, is indicated by a dotted
line since it has not been mapped accurately. CM, Gene for
chloramphenicol resistance; kb, Kilobases.
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HindIll -35
1 11 21 31 41 51 61 71 -

AGCETACrAT&CCATATAATAACrTAMCCATrfCAACACCrTCrnCAAATATITATAATAACrATIGACAC

-10 r
76 86 96 106 116 126 S.D. 136 146
CGATATACAAT.UiTAATAnTATTGATTAAAAAATACAACrGTAATATWGGAGGTrATTTUGAAAMAGTT

otLysLysLou

151 161 171 181 191 201 211 221
AIAT ATTAATNTCrT AGTTTAGUCATGTAATTCAAACAGTTCACATGCCAAAGAGTTAAGA
I1 ePhoLoull eVal I1oAl aL.uVlLeuSerAlaCysAsnSerAsnSerSerHisAl aLysGluL.uAsnAsp

226 236 246 256 266 276 286 296
TAMAA.AAATTAAGcrcATAT GTGTTTrA¶Ct AGATAAcrAAAAGGTAAGAMATAAAATTM
LouGluLysLysTyrAsnA1aisIslGlyValTyrAlaLouAspThrLysSerGlyLysGluValLysPhoAsn

301 311 321 331 341 351 361 Rsal371
TTCAGATAAGAGn"MTCCrATGCrTCAACrTCAAAACGATAAATMATGCrATTJhTAGAACAAGTACCaTA
SerAspLysArgPheAl aTyrAl aSorThrSerLysAlaIl eAsnSerAl aI1.LouLeuGluG1niWVi1ProTyr

376 386 Rsa I 396 406 416 426 436 446
TAATAGTTAAATAAAAAMTACATATTAACAAAGATGATATATNTCrTATTCrccrAT' AGMMAAATAAAT
AsnLysLouAsnLysLysValHiislI cAsnLysAspAspIl eValAl aTyrSerProIl LouG lLysTyrV"1

451 461 471 481 491 501 511 521
AGGAAAAGATATCACrTAAAGCACrTAITJAGGCrTCAATGACATATAGTGATAATACAGCAAACAATAAAAT
GlyLysAspIl eThrLeuLysAl aLull eGluAlaSerMotThrTyrSerAspAsnThrAl aAsnAsLysIle

526 536 546 556 566 576 586 $96
TATAAAAGAAATaGGMGAATCAMAAAGTAAACACGTrAAAAACTA GGAGATAAAGTAACAAATCCAGT
IleLysGluIleGlyGlyIl eLysLysValLysGlnArgLouLysGluLouGlyAspLysValThrAsnProVaI

601 611 621 631 641 651 661 671
TAGATATGAGATGAATAAATTACrATrCACCAAAGAGCAAAAAAGACACrTCAACACCrGCTGCrTCGGTAA
ArgTyrGluIleGluLeuAsnTyrTyrSerProLysSerLysLysAspThrSerThrProAlfaAl aPhoGlyLys

676 686 696 706 716 726 736 746
GACTAAATAAACrTATCCAAATGGMAAAATGCAAAGAAACAAGAAACTTACTTGA1TTAAGTTAAA
ThrLeuAsnLysLouIleAlaAsnGlyLysLeuSerLysGluAsnLysLysPhoLeuLouAspLouM tLeuAsn

751 761 771 781 791 801 811 821
TAATAAAACGGAGATACrTMAATAAACGGTGTTCCAAAAACrATAAG. CGATAAAAGTGGTCAC
AsnLysS.rG$yAspThrLeuIleLysAspGlyValProLysAspTyrLysValAl aAspLysSerGlyGlnAla

826 836 Xbal 846 856 866 Hae101876 886 896
AATAACATATGCrAGAAATGA1GTIGCrTG TTTATCCAAGGCCAATCrGAACCrAUTTTATCAT
IleThrTyrAlaSerArgAsnAspValAlaPheValTyrProLysGlyGlnSerGluProIleValJLeuVal I1o

901 911 921 931 941 951 961 971
TTTTACGAATAAGACAATAAAGTGATAAGCCAAAGATAAGT}ATAAGTGAMCCGCCAAAQTAAIaGAA
PhoThrAsnLysAspAsnLysSerAspLysProAsnAspLysLeulleSerGluThrAlaLysSerValMetLys

976 986 996 1006 1016 1026 1036 1046
GGAATTTArATrCrAAAIGCATAATAAATACrGATAACATCTTAIATIATTATAATI TATTAGTT
GluPhe...

10S1 1061 1071 1081 1091 Tagll1101 1111 1121
GACATGTATAATTTIAATCAAAAACrGATTTCCCr1ATTATTTGAAGATTATTTCrTATCCrrTJfA

1126 1136 1146
ACAAMCrAGAATGTMT4TATACA

FIG. 2. Nucleotide sequence of blaZ gene and deduced amino acid sequence of S. aureus P-lactamase precursor. The -35 and -10
transcriptional initiation signals and the Shine-Dalgarno (S.D.) sequence are indicated. A prominent inverted repeat, which may be involved
in regulation, is indicated by the horizontal arrows below the sequence. The transcription initiation site is marked with an arrow above the
sequence (9, 10). The regions of the signal peptide (12) are underlined as follows: , positively charged residues adjacent to the initiator
methionine , hydrophobic stretches; -----, hydrophilic region between the N terminus of the membrane-bound enzyme and the stable
secreted form.
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FIG. 3. Expression of P-lactamase from pWN101 and p1258 (17). (A) E. coli(pWN101); (B) B. subtilis(pWN101); (C) S. aureus(pWN101);

(D) S. aureus(pI258). Ctiltures were sampled at various stages of growth (-----), and both the whole culture (U) and supernatant (0) were
assayed for P-lactamase activity at pH 5.8 spectrophotometrically (18). One unit is 1 ,umol of penicillin hydrolyzed per ml per h at 30°C (20).
One Klett unit corresponded to about 4.5 F.g (dry weight) of bacteria per ml. This bacterial concentration corresponded to about 2 x 107 cells
per ml for S. aureus and 107 cells per ml for E. coli and B. subtilis.

experiments, in S. aureus about 50 to 60% of the 1-lactamase
remained bound to the cells and about 40 to 50% was
secreted into the medium, as described previously (12, 21).
However, in B. subtilis more than 90% of the P-lactamnase
activity was bound to the cells, and only very small amounts
of the enzyme were detected in the supematant fluid. Al-
though this difference was probably due to proteolytic
degradation of the secreted enzyme, as previously observed
by Saunders et al. (23), it was unaffected by the use of a B.
subtilis mutant (kindly provided by E. Chang) lacking the
two major exoprotease activities (data not shown). There-
fore, this enzyme could be degraded by a minor protease in
B. subtilis.
pWN101 was structurally stable, and the blaZ gene was

expressed efficiently in all three host species. These findings
suggest that the S. aureus P-lactamase may be useful as an
indicator enzyme.' Recently, we have made deletions in the
control region of blaZ and inserted a multiple cloning site in
front of the Shine-Dalgarno sequence and the structural gene
of blaZ3 respectively, to create a series of fusion vectors,
including a novel type of translational fusion vector. Prelim-
inary results show that these derivatives of pWN101 are
suitable for study of gene regulation in S. aureus.

It has been reported (23) that it is difficult to establish the
pI258 blaZ gene in B. subtilis on multicopy plasmid vectors

by using either pUB110- or pC194-based Vectors or pC194-
based shuttle vectors. Instead, chromosomal integration has
been used for establishment and expression of the S. aureus
blaZ gene in B. subtilis. It has been suggested (23) that the
instability of blaZ in B. subtilis on multicopy vectors is due
to either the blaZ strong promoter or the existence of an
approximately 10-base-pair direct repeat in the blaZ pro-
moter region. In this work, the blaZ-containing restriction
fragment was established in the pC194-based vector
pWN101, and no structural instability was observed. There-
fore, it seems that the 10-base-pair direct repeat is not
directly responsible for the reported instability of bla-
containing plasmids. The difference between the results
reported here and those reported previously may be attrib-
uted to the use of different Bacillus strains and different
shuttle vectors. It should be noted that the- copy number of
pWN1Ol became much lower (about 5 copies per cell) than
that of pC194 (about 30 copies per cell) in B. subtilis, even
when the blaZ promoter was deleted, but it maintained the
same copy number as that ofpC194 (about 30 copies per cell)
in S. aureus (data not shown). It has been reported that it is
not possible to clone an EcoRI fragment containing a highly
expressed allele of a B. licheniformis P,-lactamase gene
(penP) into the EcoRI site of pUB110, but it is possible to
clone the same fragment into a low-copy-number plasmid
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vector (6). In this study, the ability to establish blaZ in B.
subtilis on a derivative of the high-copy-number plasmid
pC194 may have been due to the spontaneous decrease in
copy number of this plasmid in B. subtilis.
The P-lactamase gene was expressed by pI258 at about

twice the rate of that by pWN101 in S. aureus. This could
have been due to a difference in regulation, perhaps related
to interruption of the Hindlll site 5' to the gene in pWN101
(15).

We thank A. Oka for plasmid pAO7, E. Murphy, K. Drlica, and
S. Projan for helpful comments, and S. Moghazeh for expert
technical assistance.
The VAX computer analysis was funded by National Science

Foundation grant PCM-8313516. This work was supported by Public
Health Service grant AI20472-02 from the National Institutes of
Health to P.W. and grant NP-505 from the American Cancer Society
to R.P.N.

LITERATURE CITED
1. Ambler, R. P. 1975. The amino acid sequence of Staphylococ-

cus aureus penicillinase. Biochem. J. 151:197-218.
2. Ambler, R. P. 1979. Amino acid sequences of ,B-lactamases, p.

99-125. In J. M. T. Hamilton-Miller and J. T. Smith (ed.),
BIeta-lactamases. Academic Press, Inc., New York.

3. Contente, S., and D. Dubnau. 1979. Characterization of plasmid
transformation in Bacillus subtilis: kinetic properties and the
effect of DNA conformation. Mol. Gen. Genet. 167:251-258.

4. Ehrlich, S. D., D. B. Niaudet, and B. Michel. 1982. Use of
plasmids frpm Staphylococcus aureus for cloning of DNA in
Bacillus subtilis. Curr. Top. Microbiol. Immunol. 96:19-29.

5. Horinouchi, S., and B. Weisblum. 1982. Nucleotide sequence
and functional map of pC194, a plasmid that specifies inducible
chloramphenicol resistance. J. Bacteriol. 150:815-825.

6. Imanaka, T., T. Tanaka, H, Tsunekawa, and S. Aiba. 1981.
Cloning of the genes for penicillinase, penP and penl, of
Bacillus licheniformis in some vector plasmids and their expres-
sion in Escherichia coli, Bacillus subtilis, and Bacillus
licheniformis. J. Bacteriol. 147:776-786.

7. Kreiswirth, B., S. Lofdahl, M. J. Betley, M. O'Reilly, P. M.
Schlievert, M. S. Bergdoll, and R. P. Noick. 1983. The toxic
shock syndrome exotoxin structural gene is not detectably
transmitted by a prophage. Nature (London) 305:709-712.

8. Low, B. 1973. Rapid mapping of conditional and auxotrophic
mutations in Escherichia coli K-12. J. Bacteriol. 113:798-812.

9. McLaughlin, J. R., C. L. Murray, and J. C. Rabinowitz. 1981.
Unique features in the ribosome binding site sequence of the
gram-positive Staphylococcus aureus P-lactamase gene. J. Biol.
Chem. 256:11283-11291.

10. McLaughlin, J. R., C. J. Murray, and J. C. Rabinowitz. 1981.
Plasmid-directed expression of Staphylococcus aureus 1-
lactamase by Bacillus subtilis in vitro. J. l3iol. Chem.
256:11273-11282.

11. Murphy, E. 1983. Inhibition of Tn554 transposition: deletion
analysis. Plasmid 10:260-269.

12. Nielsen, J. B. K., and J. 0. Lampen. 1982. Membrane-bound
penicillinase in gram-positive bacteria. J. Biol. Chem. 257:
4490-4495.

13. Novick, R. P. 1962. Micro-iodometric assay for penicillinase.
Biochem. J. 83:236-240.

14. Novick, R. P. 1962. Staphylococcal penicillinase and the new
penicillins. Biochem. J. 83:229-235.

15. Novick, R. P. 1967. Penicillinase plasmids of Staphylococcus
aureus. Fed. Proc. 26:29-38.

16. Novick, R. P., E. Murphy, T. J. Gryczan, E. Baron, and I.
Edelman. 1979. Penicillinase plasmids of Staphylococcus au-
reus: restriction-deletion maps. Plasmid 2:109-129.

17. Novick, R. P., and M. H. Richmond. 1965. Nature and interac-
tions of the genetic elements governing penicillinase synthesis in
Staphylococcus aureus. J. Bacteriol. 90:467-480.

18. O'Callaghan, C. H., A. Morris, S. M. Kirby, and A. H. Shingler.
1972. Novel method for detection of ,B-lactamases by using a
chromogenic cephalosporin substrate. Antimicrob. Agents Che-
mother. 1:283-288.

19. Oka, A., N. Nomura, M. Morita, H. Sugisaki, K. Sugimoto, and
M. Takan4mi. 1979. Nucleotide sequence of small ColEl deriv-
atives: structure of the regions essential for autonomous repli-
cation and colicin El immunity. Mol. Gen. Genet. 172:151-159.

20. Pollock, M. R., and A. Torriani. 1953. Purification et
caracteristiques physiochimiques de la penicillinase de Bacillus
cereus. C.R. Acad. Sci. 237:276-278.

21. Richmond, M. H. 1963. Purification and properties of the
exopenicillinase from Staphylococcus aureus. Biochem. J.
88:452-459.

22. Richmond, M. H. 1975. ,B-Lactamase (Staphylococcus aureus).
Methods Enzymol. 43:664-672.

23. Saunders, C. W., B. J. Schmidt, M. S. Mirot, L. D. Thompson,
and M. S. Guyer. 1984. Use of chromosomal integration in the
establishment and expression of blaZ, a Staphylococcus aureus
1-lactamase gene, in Bacillus subtilis. J. Bacteriol. 157:718-726.

24. Sykes, R. B., and M. Matthew. 1979. Detection, assay and
immunology of 3-lactamases, p. 17-49. In J. M. T. Hamilton
and J. T. Smith (ed.), Beta-lactamases. Academic Press, Inc.,
New York.

25. Terry, P., and D. G. Bear. 1983. Role of RNA polymerase, rho
factor and ribosomes in transcription termination, p. 123-161. In
J. Beckwith, J. Davies, and J. A. Gallant (ed.), Gene function in
prokaryotes. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

J. BACTERIOL.


