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The gene encoding the major autolysin of Staphylococcus aureus 8325/4 has been cloned, sequenced, and
insertionally inactivated. The three-domain, 137,384-Da protein has a C-terminal glucosaminidase active site
and is involved in cell separation, generalized cell lysis, and release of wall material at the cell surface.
Expression occurs throughout growth and is stimulated by low temperatures and in the presence of 1 M NaCl.

Bacterial autolysins are potentially lethal enzymes capable
of hydrolyzing the peptidoglycan component of the cell wall
(6). Zymogram analysis using renaturing sodium dodecyl sul-
fate (SDS)-polyacrylamide gel electrophoresis (PAGE) has vi-
sualized at least 20 distinct bands of lytic enzyme activity in
Staphylococcus aureus (16). Various enzymes with amidase or
glucosaminidase activity have been extracted from cells or iso-
lated from the culture supernatant (1, 7, 17, 19, 21), and two
peptidoglycan hydrolase structural genes have been cloned (2,
8). This paper describes the characterization of the structural
gene encoding the major autolysin of S. aureus 8325/4 and
analysis of the role of the enzyme.
Identification of an autolysin structural gene. A l ZAP

Express library of a partial Sau3A digest (2 to 10 kb) of S.
aureus 8325/4 genomic DNA was created by using the protocol
of the manufacturer (Stratagene, San Diego, Calif.), and the
clones were screened for the ability to lyse Procion red-stained
Micrococcus luteus cell walls (3). A number of isolates contain-
ing overlapping inserts were excised from l ZAP Express to
give stable, lytic enzyme-expressing phagemid clones in Esch-
erichia coli XLOLR (Stratagene). Renaturing SDS-PAGE of
an SDS extract of E. coliXLOLR(pSA1) revealed the presence
of multiple lytic enzyme bands (Fig. 1, lane 2; Fig. 2), whereas
E. coli XLOLR(pBKCMV) had no activity (phagemid without
insert; results not shown). E. coli XLOLR(pSA2) showed the
largest lytic enzyme bands (Fig. 1, lane 1; Fig. 2).
Sequencing of the autolysin structural gene. The insert in

pSA2 was subcloned by nested deletion (Erase-A-Base; Pro-
mega) and sequenced. Appropriate rescreening of the library
by hybridization, sequencing, and analysis using established
methods (15) revealed the physical and genetic map of the
region (Fig. 2). Four open reading frames (ORFs) were iden-
tified. ORF4 encodes a 1,256-amino-acid, 137,384-Da autoly-
sin. There are three imperfect direct repeats in the central
region of the autolysin, each between 140 and 164 residues
long, showing 31% identity between the three repeats. During
the preparation of this report, the cloning and sequencing of
the autolysin gene was published by Oshida et al. (14); the
homologies and sequence features are discussed in that report,
and the gene is designated atl.
Analysis of the recombinant autolysin. Subclone activity

mapping showed the active site of the enzyme to within the

final C-terminal 187 residues (Fig. 2). The smallest nested
deletion subclone giving high levels of expression was pSAF14.
The autolysin profile of this clone is shown in Fig. 1 (lane 3),
and this clone was chosen for recombinant enzyme studies.
Extracts were prepared from 51 cultures (A600 of 1.5) grown at
378C in Luria-Bertani medium. Cells were harvested by cen-
trifugation (10,000 3 g, 48C, 5 min) and broken in the French
press in 40 ml of 50 mM Tris-HCl (pH 7.6)–200 mM NaCl–0.5
mM phenylmethylsulfonyl fluoride at 48C. The supernatant,
after removal of debris (100,000 3 g, 48C, 2 h), was dialyzed
against a 1003 volume of 20 mM potassium phosphate buffer
(pH 7.4) overnight at 48C. The dialysate was then centrifuged
(100,000 3 g, 48C, 2 h), and the supernatant was used as the
source of enzyme. The enzyme has a pH optimum of 7.4 in 20
mM potassium phosphate buffer. Activity was enhanced 2.5-
fold by the addition of 2 mM MgCl2 or 2 mM CaCl2, whereas
1 mM HgCl2 or ZnCl2 completely inhibited the enzyme. Even
low salt concentrations had a detrimental effect on activity; 200
mM NaCl, KCl, or LiCl inhibited the enzyme by .95%.
One milliliter of purified cell walls of M. luteus (5 mg [dry

weight]/ml) in 10 mM potassium phosphate buffer (pH 7.4)–2
mM MgCl2 was digested for 22 h with 20 U of recombinant
enzyme at 378C (3). No increase in amino termini appeared,
whereas 50 nmol of new reducing termini per mg compared
with the control was found (3). The method of Sugai et al. (17)
was used to show that the enzyme has glucosaminidase activity.
Functional analysis of the S. aureus glucosaminidase. To

determine the function of the cloned enzyme, a mutant inser-
tionally inactivated in the structural gene was created. A 1.7-kb
HindIII fragment from pSA104 was end filled and cloned into
SmaI-digested, phosphatase-treated suicide vector pAZ106 (9)
to give plasmid pSA407, which is stable in E. coli (Fig. 2).
Electroporation (13) of this plasmid into S. aureus RN4220
(restriction minus, modification plus) allowed the selection of
an erythromycin-resistant transformant (strain SH105). As this
vector does not contain a replicon functional in S. aureus, all
erythromycin-resistant clones occurred as a result of stable
integration of the vector into the chromosome by homologous
recombination at the autolysin locus by a single crossover
event. The 1.7-kb HindIII fragment is internal to the autolysin
coding sequence (Fig. 2), and so insertional inactivation of the
gene occurs. Plasmid pAZ106 also contains a promoterless
copy of lacZ, and the orientation of the insert in pSA407 was
such that upon integration, a transcriptional fusion between
the autolysin gene and b-galactosidase was produced for ex-
pression analysis. Phage transduction (13), using f85, trans-
ferred the mutated gene to the S. aureus 8325/4 background to
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create strain SH108. The correct integrational event was con-
firmed by Southern blotting. Pulsed-field gel electrophoresis,
Southern blotting, and probing with pSA407 revealed the in-
sertion to have occurred in SmaI fragment B of the S. aureus
8325/4 chromosome.
The autolysin profiles of the parent and insertionally inacti-

vated mutant are shown in Fig. 3. The parent has six major lytic
bands ranging from approximately 130 to 36 kDa (Fig. 3, lane
1). In contrast, SH108 has only one major enzyme of 36 kDa
and a few minor bands (Fig. 3, lane 2). This finding implies that
most of the autolysins of S. aureus 8325/4 are the product of a
single gene, and proform processing results in the multiple
bands visualized by renaturing gel electrophoresis.
The role of the autolysin was determined by a comparison of

the phenotype of SH108 with that of its parent. The mutant
grew as well as the parent; however, light microscopy revealed
SH108 to form small clumps of 10 to 20 cells rather than the
doublets formed by 8325/4. Ultrastructural analysis by electron
microscopy showed that the mutant cells had a somewhat
rough outer surface compared with the parent (Fig. 4), which
is indicative of a lack of peptidoglycan release at the cell
surface. The MIC of penicillin was unchanged (0.02 mg/ml).

Penicillin-induced lysis was greatly retarded in the mutant;
however, the bacteriocidal effect was unaltered. Triton X-100-
induced lysis was also inhibited; the A600 of the SH108 culture
dropped by half that of the lysed control after 6 h. Four molar
LiCl extraction (4) of SH108 cells resulted in an enzyme-
containing sample having only 3% of the activity of the parent
when assayed spectrophotometrically (3).
Expression analysis of the major autolysin. Reporter gene

analysis using the lacZ fusion (12) created as described above
was used to monitor the expression of the autolysin gene. The
level of expression of lacZ did not change during growth and
into early stationary phase, which correlates with the autolysin
profile (results not shown) (20). Availability of oxygen, growth
medium, or KCl concentration had no significant effect on
expression. Autolysin gene expression was temperature depen-
dent, being threefold higher when the culture was grown at
258C compared with 378C (Fig. 5). NaCl also enhanced expres-
sion twofold, having an optimum of 1 M.
Concluding remarks. By using a direct cloning procedure,

the structural gene (atl) encoding the major autolysin of S.
aureus has been isolated and studied at the molecular level.
The gene encodes a protein of 137 kDa which is exported and
processed into the multiple autolysin bands seen by renaturing

FIG. 1. Lytic activity of recombinant clones. Samples were prepared, sepa-
rated by SDS-PAGE, and renatured as described previously (3, 4). The 10%
(wt/vol) acrylamide gel contained 0.1% (wt/vol) purifiedM. luteus 4698 cell walls
as the substrate (4). Each lane contains the extract from the equivalent of 150 ml
of original culture. Lanes: 1, E. coli XLOLR(pSA2); 2, E. coli XLOLR(pSA1);
3, E. coli XLOLR(pSAF14). Molecular masses of standards are indicated.

FIG. 2. Physical and genetic map of the autolysin gene region and lytic
activity of recombinant plasmid constructs. The restriction map of the sequenced
region shows all cut sites for the enzymes mentioned: H,HindIII; P, PstI; A, AccI;
X, XhoII. The map is bounded by Sau3A sites, with 10 others within the region.
The positions and directions of the ORFs is shown by the arrows. The lytic
activity of E. coli XLOLR carrying each of the phagemid and plasmid constructs
is indicated as measured by the Procion red wall plate test (3): 1, zone of
clearing in the red wall background around the colony; 1/2, much reduced zone
merely under the colony;2, no zone of clearing. The1 or2 in parentheses after
the phagemid name refers to the orientation of the autolysin gene in respect to
the lac promoter in pBKCMV: 1, in the orientation to allow transcription of the
autolysin gene; 2, in the opposite orientation.

FIG. 3. Autolysin profile of S. aureus strains. Cultures were grown in tryptic
soy broth to an A600 of 2.0 at 378C prior to harvesting, SDS extraction, separation
by SDS-PAGE, and renaturation (3, 4). The 9% (wt/vol) acrylamide gel con-
tained 0.05% (wt/vol) purified S. aureus 8325/4 cell walls (4) as the substrate.
Each lane contains the extract from the equivalent of 1 ml of original culture.
Lanes: 1, 8325/4; 2, SH108. Molecular masses of standards are indicated.

FIG. 4. Electron micrographs of the cell wall of parent strain 8325/4 (A) and
strain SH108 (atl) (B) of S. aureus. Note the rough outer surface of the wall in
SH108. Both micrographs are of the same magnification. Bar 5 0.1 mm.
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SDS-PAGE. The protein has three domains, the central of
which contains three imperfect direct repeats probably in-
volved in wall binding (5). The C-terminal domain of the pro-
tein has glucosaminidase activity, and the N-terminal domain
has been shown independently to have amidase activity (14),
and so the enzyme is bifunctional. The insertionally inactivated
mutant SH108 is missing almost all of the autolysin bands, as
judged by renaturing SDS-PAGE, and thus atl encodes the
major autolysin of S. aureus. The clumping of SH108 is entirely
consistent with the synergistic declumping ability of the puri-
fied amidase and glucosaminidase forms of Atl (18). Atl has
more than one role; it is involved in cell separation, general
postmortem lysis, and peptidoglycan release at the cell surface.
A putative regulator of atl expression has been identified

(11); the lyt mutant is missing all of the autolysins apart from
the 36-kDa enzyme present in SH108, and the cells have a
rough outer surface appearance (10, 11). Both atl and lyt are
expressed to the greatest extent at temperatures encountered
in the environment not associated with a mammalian host.
Thus, Atl may have an important role in cellular physiology in
the terrestrial or aquatic environment.
An 80-kDa glucosaminidase purified from S. aureus which

corresponds to one of the Atl processed forms acts as an
immunosuppressant (22); also, the lyt mutant has attenuated
virulence in a rat model (10). This finding suggests that in S.
aureus, Atl has a role in pathogenicity either directly by an
effect on the host or indirectly by its involvement in the normal
physiological processes of the bacterial cell. The two Atl activ-
ities may have quite separate roles. Any attempts to study the
biochemical regulation of Atl must take into account its rela-
tive complexity with two activities and a number of processed
forms.
Nucleotide sequence accession number. The total 5,417-bp

sequence reported in this paper has been deposited in the
GenBank database under accession number L41499.

I thank Harald Labischinski, Richard Novick, and Bizhan Pourko-
mailian for the provision of bacterial strains and phage.
This work was carried out during the tenure of a Royal Society

University research fellowship and was also supported by a Royal
Society research equipment grant. I acknowledge the BBSRC for use
of the computing facilities at Daresbury, United Kingdom.

REFERENCES

1. Arvidson, S., T. Holme, and T. Wadstrom. 1970. Formation of bacteriolytic
enzymes in batch and continuous culture of Staphylococcus aureus. J. Bac-
teriol. 104:227–233.

2. Biavasco, F., C. Pruzzo, and C. Thomas. 1988. Cloning and expression of the
Staphylococcus aureus glucosaminidase in Escherichia coli. FEMS Microbiol.
Lett. 49:137–142.

3. Foster, S. J. 1991. Cloning, sequence analysis and biochemical characterisa-
tion of an autolytic amidase of Bacillus subtilis 168 trpC2. J. Gen. Microbiol.
137:1987–1998.

4. Foster, S. J. 1992. Analysis of the autolysins of Bacillus subtilis 168 during
vegetative growth and differentiation by using renaturing gel electrophoresis.
J. Bacteriol. 174:464–470.

5. Foster, S. J. 1993. Molecular analysis of three major wall-associated proteins
of Bacillus subtilis 168: evidence for processing of the product of a gene
encoding a 258 kDa precursor two-domain ligand-binding protein. Mol.
Microbiol. 8:299–310.

6. Ghuysen, J.-M., D. J. Tipper, and J. L. Strominger. 1966. Enzymes that
degrade bacterial cell walls. Methods Enzymol. 8:685–699.

7. Huff, E., C. S. Silverman, N. J. Adams, and W. S. Awkard. 1970. Extracellular
cell wall-lytic enzyme from Staphylococcus aureus: purification and partial
characterization. J. Bacteriol. 103:761–769.

8. Jayaswal, R. K., Y.-K. Lee, and B. J. Wilkinson. 1990. Cloning and expres-
sion of a Staphylococcus aureus gene encoding a peptidoglycan hydrolase
activity. J. Bacteriol. 172:5783–5788.

9. Kemp, E. H., R. L. Sammons, A. Moir, D. Sun, and P. Setlow. 1991. Analysis
of transcriptional control of the gerD spore germination gene of Bacillus
subtilis 168. J. Bacteriol. 173:4646–4652.

10. Mani, N., L. M. Baddour, D. Q. Offutt, U. Vijaranakul, M. J. Nadaka-
vukaren, and R. K. Jayaswal. 1994. Autolysis-defective mutant of Staphylo-
coccus aureus: pathological considerations, genetic mapping, and electron
microscopic studies. Infect. Immun. 62:1406–1409.

11. Mani, N., P. Tobin, and R. K. Jayaswal. 1993. Isolation and characterization
of autolysis-defective mutants of Staphylococcus aureus created by Tn917-
lacZ mutagenesis. J. Bacteriol. 175:1493–1499.

12. Miller, J. M. 1972. Experiments in molecular genetics. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

13. Novick, R. P. 1991. Genetic systems in staphylococci. Methods Enzymol.
204:587–636.

14. Oshida, T., M. Sugai, H. Komatsuzawa, Y.-M. Hong, H. Suginaka, and A.
Tomasz. 1995. A Staphylococcus aureus autolysin that has an N-acetylmu-
ramoyl-L-alanine amidase domain and an endo-b-N-acetylglucosaminidase
domain: cloning, sequence analysis, and characterization. Proc. Natl. Acad.
Sci. USA 92:285–289.

15. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual. Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.

16. Sugai, M., T. Akiyama, H. Komatsuzawa, Y. Miyake, and H. Suginaka. 1990.
Characterization of sodium dodecyl sulfate-stable Staphylococcus aureus bac-
teriolytic enzymes by polyacrylamide gel electrophoresis. J. Bacteriol. 172:
6494–6498.

17. Sugai, M., H. Koike, Y. Hong, Y. Miyake, R. Nogami, and H. Suginaka. 1989.
Purification of a 51 kDa endo-b-N-acetylglucosaminidase from Staphylococ-
cus aureus. FEMS Microbiol. Lett. 61:267–272.

18. Sugai, M., H. Komatsuzawa, T. Akiyama, Y.-M. Hong, T. Oshida, Y. Miyake,
T. Yamaguchi, and H. Suginaka. 1995. Identification of endo-b-N-acetylglu-
cosaminidase and N-acetylmuramyl-L-alanine amidase as cluster dispersing
enzymes in Staphylococcus aureus. J. Bacteriol. 177:1491–1496.

19. Tipper, D. J. 1969. Mechanism of autolysis of isolated cell walls of Staphy-
lococcus aureus. J. Bacteriol. 97:837–847.

20. Tobin, P. J., N. Mani, and R. K. Jayaswal. 1994. Effect of physiological
conditions on the autolysis of Staphylococcus aureus strains. Antonie van
Leeuwenhoek 65:71–78.

21. Valisena, S., P. E. Varaldo, and G. Satta. 1982. Purification and character-
ization of three different bacteriolytic enzymes excreted by Staphylococcus
aureus, Staphylococcus simulans and Staphylococcus saprophyticus. J. Bacte-
riol. 151:636–647.

22. Valisena, S., P. E. Varaldo, and G. Satta. 1991. Staphylococcal endo-b-N-
acetylglucosaminidase inhibits response of human lymphocytes to mitogens
and interferes with production of antibodies in mice. J. Clin. Invest. 87:1969–
1976.

FIG. 5. Effect of temperature on autolysin gene expression. Cells were grown
for 18 h in tryptic soy broth at the temperatures indicated, washed, and resus-
pended in Z buffer (12). b-Galactosidase levels were determined as previously
described, using o-nitrophenyl-b-D-galactopyranoside as the substrate (12).
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