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We identified a gene (afl4) encoding autolytic activity from Streptococcus mutans Xc. The AtlA protein
predicted to be encoded by atid is composed of 979 amino acids with a molecular weight of 107,279 and has a
conserved (3-1,4-N-acetylmuramidase (lysozyme) domain in the C-terminal portion. Sodium dodecyl sulfate
extracts of strain Xc showed two major bacteriolytic bands with molecular masses of 107 and 79 kDa, both of
which were absent from a mutant with inactivated atl4. Western blot analysis revealed that the 79-kDa band
was derived from the 107-kDa peptide by cleavage of its N-terminal portion. The inactivation of ati4 resulted
in a marked decrease in autolysis and the formation of very long chains of cells compared to the case for the
parent strain. Although both the parent and mutant strains formed biofilms in the presence of sucrose, the
biofilms formed by the mutant had a sponge-like architecture with large gaps and contained 30% less biomass
than those formed by the parent strain. Furthermore, strain Xc formed glucose-dependent, loose biofilms in the
absence of sucrose, but the mutant lost this ability. These results suggest that AtlA may play an important role
in biofilm formation by S. mutans. The antibody produced against the C-terminal peptide containing the
3-1,4-N-acetylmuramidase domain drastically inhibited the autolytic activity of strain Xc. This inhibition was
specific among the oral streptococci to S. mutans. These results indicate that the catalytic domain of AtlA is
located at the C terminus, suggesting that further characterization of this domain may provide a means to

control cariogenic dental plaque formation.

Most bacteria possess several autolysins that are able to
degrade their cell walls. These enzymes are classified according
to the chemical bond that they break down in the peptidogly-
can substrate and include B-1,4-N-acetylmuramidases (ly-
sozymes), B-1,4-N-acetylglucosaminidases, N-acetylmuramyl-
L-alanine amidases, endopeptidases, and transglycosylases (29,
33). They have been implicated in various biological functions,
including cell separation, cell wall turnover, restructuring of
cell walls, and bacterial autolysis (induced by antibiotics or
adverse physiological conditions) (29, 37). Certain autolysins
have also been reported to contribute to the pathogenicity of
gram-positive bacteria. An intact autolytic function is required
for the full virulence of Streptococcus pneumoniae (1). An
autolysis-defective mutant of Staphylococcus aureus showed
attenuated virulence in a rat model of endocarditis (18). The
autolysin of Listeria monocytogenes contributes to its adhesion to
eukaryotic cells and its colonization of the liver (20). Although
autolysins are believed to play an important role in cell wall
metabolism and in the pathogenicity of bacteria, only a limited
number of autolysins have been extensively investigated.

Streptococcus mutans is a primary pathogen of human dental
caries in the oral cavity (17). S. mutans is capable of forming a
biofilm known as dental plaque on the tooth surface (34).
Dental plaque formation is initiated by cell-to-surface adher-
ence, followed by bacterial accumulation with the development
of cell-to-cell interactions. Within dental plaque, S. mutans can
produce large amounts of acids from fermentable sugars. Acid
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accumulation can eventually dissolve the hard, crystalline
structure of the teeth, resulting in carious lesions (27). The
ability to form biofilms is one of the important virulence prop-
erties of S. mutans. This bacterium is also a causative agent of
infective endocarditis (8). It is primarily associated with sub-
acute (chronic) infective endocarditis, which involves the col-
onization of heart tissue having preexisting endothelial damage
(22). The abilities to adhere to and to colonize host tissues are
very important virulence factors of this pathogen. We are in-
terested in understanding the contribution of autolysins to the
virulence of S. mutans. The autolytic system of S. mutans has
not yet been characterized.

In this report, we present data on the isolation and charac-
terization of the first described autolysin-encoding gene, atlA,
from S. mutans.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains used for this
study are listed in Table 1. These strains were maintained and grown routinely as
described previously (32). Antibiotics were used at the following concentrations:
200 pg of erythromycin per ml and 50 pg of ampicillin per ml for Escherichia coli
and 10 pg of erythromycin per ml for S. mutans.

DNA manipulation. Standard DNA recombinant procedures such as DNA
isolation, endonuclease restriction, ligation, and agarose gel electrophoresis were
performed as described by Sambrook and Russell (30). The transformation of S.
mutans and E. coli was carried out as described previously (42). Protein sequence
similarity searches were performed with the BLAST program via the National
Center for Biotechnology Information server.

DNA amplification. To improve the fidelity of the PCR assay, we used KOD
DNA polymerase (Toyobo Co., Ltd., Osaka, Japan). PCR was performed with
0.05 U of KOD DNA polymerase/ml in 120 mM Tris-HCI buffer (pH 8.2)
containing appropriate amounts of the primers, a 0.2 mM concentration of each
deoxyribonucleoside triphosphate, 6 mM ammonium sulfate, 10 mM KCI, 1 mM
MgCl,, 0.1% Triton X-100, and 0.001% bovine serum albumin. The reactions
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TABLE 1. Bacterial strains used for this study

Strain Relevant properties Source or reference®
E. coli DH5« supE44 AlacU169 ($b80lacZAMI1S) hsdR17 recAl endAl gyrA96 thi-1 relAl 30
S. mutans strains
Xc Serotype ¢ wild-type strain 10
Xc91 Em"; Xc carrying Em" gene inserted into open reading frame 1 This study
Xc92 Em"; Xc carrying Em" gene inserted into at/4 This study
Xc93 Em"; Xc carrying Em" gene inserted into open reading frame 3 This study
Xc94 Em’"; Xc carrying Em" gene inserted into open reading frame 4 This study
MT8148 Serotype ¢ strain 25
GS5 Serotype c strain 11
UA159 Serotype c strain 21
LM7 Serotype e strain 24
MT6219 Serotype f strain 24
S. gordonii strains
10558 Type strain ATCC
Challis Wild-type strain 35
S. oralis 10557 Type strain ATCC
S. salivarius strains
HHT Wild-type strain 36
HT9R Wild-type strain 38
S. sanguis 10556 Type strain ATCC
S. sobrinus strains
OMZ176 Serotype d strain 24
6715 Serotype g strain 2

“ ATCC, American Type Culture Collection.

were carried out for 25 cycles under the following conditions: denaturation at
94°C for 15 s, annealing at 58°C for 2 s, and extension at 74°C for 30 s.

Southern blot analysis. Southern blot analysis was performed with digoxigenin
(DIG)-labeled PCR probes using a nonradioactive DIG DNA labeling and
detection kit (Roche Diagnostics, Mannheim, Germany) according to the sup-
plier’s instructions.

Random mutag is of S. The random mutagenesis of S. mutans was
carried out as described previously (41). Briefly, we constructed an S. mutans Xc
genomic library by inserting a complete Sau3AI digest of the S. mutans Xc
chromosome into the BamHI site of pResEmBBN. pResEmBBN can be used as
an integration vector for gene inactivation by a single crossover with the strep-
tococcal chromosome because it has no replicon in streptococcal species. S.
mutans Xc was randomly mutated by transformation with the S. mutans genomic
library. Transformants were spread on brain heart infusion (BHI; Difco, Detroit,
Mich.) agar plates containing 10 pg of erythromycin per ml and heat-inactivated,
proteinase K-treated S. mutans Xc cells (final optical density at 550 nm [ODss]
of 1.0). Transformants causing an attenuated lytic zone around the colony were
selected by visual screening.

Preparation of crude autolysin-containing samples. Autolysin-containing sam-
ples were prepared from cultures grown to an ODss;, of 0.7. Cell cultures (50 ml)
were harvested by centrifugation, and the pellet was resuspended in 500 pl of 4%
(wt/vol) sodium dodecyl sulfate (SDS). The suspension was incubated for 30 min
at room temperature before being centrifuged. An equal volume of 50 mM
Tris-HCI (pH 6.5) containing 10% glycerol was then added to the supernatant.

Zymogram analysis. A zymogram analysis of autolysins was carried out by
using an SDS-10% polyacrylamide gel (14) containing 1% (wet weight) S. mutans
cells. The preparation of S. mutans cells for incorporation into polyacrylamide
gels was performed as described previously (28, 44). Briefly, cell cultures (800 ml)
of S. mutans Xc were harvested by centrifugation, and the pellet was washed
three times with distilled water and then resuspended in 60 ml of 4% SDS. After
being boiled for 30 min, the bacterial cells were washed five times with distilled
water and then centrifuged. The cells were resuspended in 8 ml of 46% hydroflu-
oric acid and incubated at 4°C for 12 h. The suspension was then centrifuged, and
the cells were washed five times with distilled water.

The prepared bacterial cells were incorporated into polyacrylamide gels, autoly-
sin-containing samples were applied to the gels, and the samples were subjected to
SDS-polyacrylamide gel electrophoresis (SDS-PAGE). After electrophoresis, the

gels were washed twice with distilled water for 15 min and then incubated in 200 ml
of 0.2 M sodium phosphate buffer (pH 7.0) for 12 h at room temperature.

Autolysis assays. S. mutans cells in the exponential phase of growth (ODss, of
0.9) were harvested by centrifugation and washed twice with phosphate-buffered
saline. The cells were resuspended in 20 mM potassium phosphate buffer (pH 6.5)
containing 1 M KCl, 10 mM CaCl,, 1 mM MgCl,, and 0.04% sodium azide to an
ODs5 of 0.9. The cell suspension was incubated at several different temperatures
(37°C to 50°C), and autolysis was monitored by measuring the ODss, of the cell
suspension. For inhibition assays, a solution of purified immunoglobulin G antibod-
ies (final concentration of 0.25 mg/ml) was added to the cell suspension.

Production of polyclonal antibodies against partial peptides of the autolytic
enzyme. Partial DNA fragments (F1 to F6) of the atl4 gene were amplified by
PCRs using the primer pairs listed in Table 2. The amplified fragments, except
for F6, were digested with BamHI and HindIII; the F6 fragment was digested
with BamHI alone. Each fragment was then cloned in frame with a six-His tag
into the pQE-80L vector (QIAGEN, Hilden, Germany). E. coli DH5« cells were
transformed with the resulting plasmids. Each transformant was grown at 37°C
until an ODss, of 0.6 was attained. Expression was induced with 1 mM isopropyl-
B-p-thiogalactopyranoside. The cells were harvested 4 h after induction, and the
partial proteins were purified by use of a Ni-nitrilotriacetic acid spin kit (QIA-
GEN) according to the supplier’s instructions. The purities of the proteins were
analyzed by SDS-PAGE. Antibodies against the F1, F2, F3, and F6 peptides (see
Fig. 3) were raised in rabbits. Antibodies against the F4 and F5 peptides were
raised in chickens because attempts to raise them in rabbits failed. The rabbit
antibodies were purified by affinity chromatography on a protein G column
(Amersham Biosciences, Piscataway, N.J.) and the chicken antibodies were pu-
rified with an Affi-Gel Hz immunoaffinity kit (Bio-Rad Laboratories, Hercules,
Calif.). Each preimmune serum was purified in the same manner.

Biofilm formation and quantification. To facilitate quantification and micros-
copy, we used 96-well polystyrene microtiter plates for the growth of biofilms.
Growth was initiated by inoculating individual wells of a 96-well microtiter plate
with 5 pl of cell suspension in 200 wl of BHI broth supplemented with 1%
(wt/vol) sucrose or glucose. The microtiter plates were incubated at 37°C in 7.3%
CO, for 16 h without agitation. After the 16-h incubation, the liquid medium was
removed and the wells were rinsed once with sterile distilled water. The plates
were air dried, stained with 0.1% safranine for 10 min, rinsed with distilled water
to remove excess dye, and then air dried for 3 h. The biofilms were quantified by
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TABLE 2. Primers used for this study

Fragment Primer Sequence (5" to 3')* Location”
F1 F1-forward CGCGGATCCAAAAGCAAAACTTATTTG 889-906
Fl-reverse CGCAAGCTTTTAACCGTTATACTGTAG 1485-1471
F2 F2-forward CGCGGATCCATGACCCCAGCAAGCAGC 1366-1383
F2-reverse CGCAAGCTTTTAATTAGCAACAGATAT 2025-2011
F3 F3-forward CGCGGATCCCATTATGAAGCTCATATT 1906-1923
F3-reverse CGCAAGCTTTTAATAAAGCCCATAACC 2505-2491
F4 F4-forward CGCGGATCCAATGGTCAAGATGATCTC 2416-2433
F4-reverse CGCAAGCTTTTAAAGGTTAGATTGATC 3015-3001
F5 F5-forward CGCGGATCCATAGATATGATTGTTAAA 2926-2943
F5-reverse CGCAAGCTTTTAATTAATATTGTTCAC 3525-3511
Fo6 Fo6-forward CGCGGATCCAGCTTGAATGCTGATAAA 3166-3183
Fo6-reverse TTACTGTTGAGTAAATCGACC 3825-3805

“ Nucleotides that are underlined in each primer sequence show the position of the restriction endonuclease site incorporated to facilitate cloning.
® Numbers give positions on a HindIII-BglIT fragment that was sequenced for this study (DDBJ data bank accession no. AB194064).

measuring the absorbance of stained biofilms at 490 nm with an enzyme-linked
immunosorbent assay microplate reader (Bio-Rad Laboratories). Each assay was
performed in triplicate, and wells without biofilms were used as blank controls
after safranine staining.

Microscopy. The spatial distribution and architecture of biofilms of S. mutans
strains were examined by scanning electron microscopy. Individual wells of a
six-well microtiter plate were filled with 8 ml of BHI broth supplemented with
1% (wt/vol) sucrose. A sterile, cut-glass slide was added to each well, and each
well was then inoculated with 100 wl of overnight culture. The plates were
incubated at 37°C in 7.3% CO, for 16 h without agitation. The glass slides were
then removed from wells, rinsed briefly with 10 mM phosphate buffer, and fixed
with 2% paraformaldehyde in 10 mM phosphate buffer for 3 h. Following de-
hydration in a series of increasing ethanol concentrations, the samples were
freeze-dried with #-butyl alcohol (9) and sputter coated with platinum to a
thickness of approximately 2 nm. The samples were examined with a Hitachi
S-4300 FE scanning electron microscope.

Nucleotide sequence accession number. The 7,166-bp nucleotide sequences
determined in this study were deposited in the DDBJ data bank (http://www.ddbj
.nig.ac.jp) under accession number AB194064.

RESULTS

Isolation of an autolysin-deficient mutant of S. mutans. S.
mutans Xc was randomly mutated by transformation with the
S. mutans genomic library. Sixteen transformants showing an
attenuated lytic zone around the colony were selected from
10,000 transformants by visual screening. The 16 transformants
were spread on the same plates again, and one, designated
Xc-AT, was confirmed to be completely defective in autolytic
activity. Southern blotting with a DIG-labeled PCR probe spe-
cific for the erythromycin resistance (Em") gene revealed that
the probe hybridized with a 5.5-kb HindIII fragment, a 2.4-kb
EcoRI fragment, and a 6.3-kb BglII fragment of Xc-AT but did
not hybridize with any fragments of the wild-type strain Xc.

Cloning and sequencing of the region flanking the plasmid
insertion site in strain Xc-AT. To recover the region flanking
the plasmid insertion point in strain Xc-AT, we digested the
Xc-AT chromosome with EcoRI and allowed it to self-ligate.
E. coli DH5a was then transformed with this DNA. Em" trans-
formants were isolated on BHI agar plates containing eryth-
romycin. Almost all of the plasmids isolated from transfor-
mants were 2.4 kb long. One of these was designated pAT-E.
In a similar manner, we constructed pAT-H (HindIII diges-

tion, self-ligation, 5.5 kb) and pAT-B (BglIl digestion, self-
ligation, 6.3 kb). Nucleotide sequence analyses of these three
plasmids revealed that six open reading frames (ORFs) were
present in the region flanking the plasmid insertion point in
strain Xc-AT (Fig. 1) and that the insert fragment of the
integration plasmid was located within ORF2. ORF2 was des-
ignated afl4 (Fig. 1). The predicted translational product of
the atlA gene is a protein of 979 amino acids with a molecular
weight of 107,279. The amino acid sequence deduced from the
C-terminal portion (196 amino acid residues) of atl4 has a high
degree of similarity to the active domain of p-1,4-N-acetylmu-
ramidase. A consensus promoter-like sequence, TTGAGA-
N17-TATAAT, exists in the region upstream from at/4. The
ORF4 gene product was homologous to peptidase T of S.
pneumoniae. No proteins were found to be homologous to the
gene products predicted by the other ORFs.

Insertional inactivation of afl4 and flanking genes. To con-
firm the role of atl4 in autolytic activity, we insertionally inac-
tivated atl4 and the flanking genes (ORF1, ORF3, and ORF4)
by interruption with the Em" gene at the restriction sites indi-
cated in Fig. 1. The resultant mutants were designated Xc91,
Xc92, Xc93, and Xc94 (Fig. 1).

Zymogram analysis. To determine whether the at/4A muta-
tion might affect the activity of autolysin, we examined the
autolysin profiles of S. mutans Xc and Xc92 by zymogram

Xc91 Xc92 Xc93  XcW

(Pstl) (Pstl) TR (HincII) (BamHI)

HindIIl

ORF1 atlA

ORF3 ORF4 ORF5 ORFé6

1kb
—
FIG. 1. Restriction map of the atl4 gene and its flanking region in
S. mutans Xc. The arrows indicate the locations of the six ORFs. The
Em" gene insertion sites for the insertional inactivation of the arl4
gene and the flanking ORFs are indicated by inverted open triangles.
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FIG. 2. Autolysin profiles of S. mutans strains, determined by re-
naturing SDS-PAGE using a 10% polyacrylamide gel containing 1%
(wet weight) S. mutans cells. For zymography, a 4% SDS extract of
each strain was used. Lanes: 1, S. mutans Xc; 2, S. mutans MT8148; 3,
S. mutans GSS; 4, S. mutans UA159; 5, S. mutans Xc91 (AORF1); 6, S.
mutans Xc92 (AatlA); 7, S. mutans Xc93 (AORF3); 8, S. mutans Xc94
(AORF4). Prestained high-molecular-mass markers are indicated in
kilodaltons on the left.

analysis (Fig. 2). Two major autolysin bands were present in Xc
whole-cell extracts (Fig. 2, lane 1). The lower band had a more
pronounced clear zone of autolytic activity than the upper
band. The proteins migrated with apparent masses of 107 and
79 kDa, and the mass of the larger protein, 107 kDa, corre-
sponded to the size of the AtlA protein. Neither band was
detected in the Xc92 whole-cell extract (Fig. 2, lane 6). The
autolysin profiles of the other mutants (Xc91, Xc93, and Xc94)
were the same as that of Xc (Fig. 2, lanes 5, 7, and 8). These
results indicate that atl4 encodes the major autolysin of S.
mutans. Furthermore, other S. mutans serotype c strains had
the same autolysin profiles as that of Xc (Fig. 2, lanes 2 to 4).

To determine whether the 79-kDa band was a proteolytic
product of AtlA, we performed Western blotting by using
antibodies raised against the F1 peptide (N-terminal portion)
and the F6 peptide (C-terminal portion) of AtlA (Fig. 3). The
antibody against the F6 peptide reacted with both the 107- and
79-kDa bands, while the antibody against the F1 peptide re-
acted with only the 107-kDa band (data not shown). These
results indicate that the 79-kDa band is a proteolytic product of
AtlA, created by the degradation of the N-terminal portion of
the 107-kDa peptide.

Properties of the afl4 mutant. The growth rate of the cells
was not affected by the atl4 mutation; however, most Xc92
cells sedimented when grown overnight, while a broth culture

AtlA

N-terminal C-terminal

L T o B A

1 10 200 1) 400 S0
1 1 i 1 1 1

f-1,4-N-acetylmuramidase

F1

peg F3 peptide "py peptide m

F6 peptide
FIG. 3. Schematic representation of AtlA and deletion mutants of
AtlA. AtlA was divided into six parts, and antibodies were raised

against each part in order to characterize the catalytic domain. Num-
bers indicate the positions of amino acids.
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of wild-type Xc was turbid, with just a few sedimented cells
(data not shown). Light microscopic observations revealed that
Xc92 formed very long chains of cells compared with those
formed by the parental strain Xc (Fig. 4). These results clearly
demonstrated that AtlA is involved in cell separation.

The autolytic activity of AtlA was examined at several dif-
ferent temperatures (37°C to 50°C) (Fig. 5). The optimum
temperature for the autolytic activity of AtlA was 44°C. There
was a distinct difference in the autolytic activities between 44°C
and 37°C. However, the biological meaning of the fact that the
optimum temperature is considerably higher than 37°C is not
clear. The autolytic activity of the atflA mutant was compared
with that of the wild-type Xc strain. As shown in Fig. 6, Xc92
exhibited a lower autolysis rate and lower extent of autolysis
than did Xc. Thus, the inactivation of atl4 resulted in a re-
markable decrease in autolytic activity.

Role of the atl4 gene in biofilm formation. We next deter-
mined whether there were any alterations in the biofilm struc-
ture as a result of the loss of AtlA production. The capacity of
the Xc and Xc92 strains to form biofilms in the wells of 96-well
microtiter plates was evaluated (Fig. 7). Strains Xc and Xc92
both formed tight biofilms in the presence of sucrose, but the
biofilm formed by Xc92 had a nearly 30% less biomass than
that of Xc. Upon visual inspection of the microtiter wells, there
was a noticeable difference in the biofilm structures of Xc92
and Xc. Macroscopically, the Xc biofilm generally had a very
confluent appearance with no major discernible features. In
contrast, the Xc92 biofilm had a very rough texture. In addi-
tion, the Xc strain formed very loose but obvious biofilms in
the presence of glucose alone (no sucrose), while Xc92 had
negligible biofilm formation under the same conditions.

A closer examination of the biofilms by scanning electron
microscopy revealed that the sucrose-dependent biofilms of
the Xc and mutant strains had very different appearances. The
mutant biofilm appeared to have a sponge-like architecture
with what appeared to be large gaps (Fig. 8).

Inhibition assay. To determine the active center of AtlA, we
performed an inhibition assay, using the six polyclonal anti-
bodies raised against partial peptides within the AtIA protein
and the respective preimmune sera (Fig. 3). As shown in Fig.
9A, when Xc was grown with the antibody produced against
the F2, F3, or F6 peptide, the cells formed longer chains than
when they were grown with the respective preimmune sera.
The presence of the antibody against the F6 peptide, which
corresponds to the C-terminal portion of the protein and con-
tains a 3-1,4-N-acetylmuramidase domain, led to the formation
of very long chains. Furthermore, when the anti-F6 antibody
was added to the Xc cell suspension, Xc showed a drastically
reduced autolytic activity (Fig. 9B), with the same autolytic
pattern as that of Xc92. The antibody against the F3 peptide
also affected the autolytic activity of Xc, but the extent of this
inhibition was about 30% that shown by the anti-F6 antibody.
Based on these results, we concluded that the C-terminal por-
tion of AtlA, which contains the B-1,4-N-acetylmuramidase
domain, behaves as a true catalytic domain. In addition, the
specificity of inhibition by the anti-F6 antibody was examined
with several oral bacteria. The bacterial strains used for this
experiment are listed in Table 1. No oral streptococci except
for S. mutans formed longer chains when grown with the an-
tibody (data not shown). Furthermore, the antibody did not
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FIG. 4. Light microscopic views of gram-stained Xc and Xc92 (AatlA) cells.

affect the autolytic activities of oral streptococci other than S.
mutans (data not shown). These results indicate that the inhi-
bition by the anti-F6 antibody was specific to S. mutans.

DISCUSSION

In a standardized assay to detect autolytic activity in a de-
naturing polyacrylamide gel, two major lytic bands were found
in an SDS extract of S. mutans cells by using S. mutans cell
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FIG. 5. Effect of temperature on autolytic activity of AtlA. An

autolysis assay of bacterial cells was carried out as described in Mate-

rials and Methods. The cell suspension was incubated at several dif-

ferent temperatures (37°C to 50°C), and autolysis was monitored by
measuring the ODs5, of the cell suspension.

walls as a substrate. The same autolysin profile was detected
for all S. mutans strains used. In this report, we present the first
cloning of a gene (atl4) encoding an autolysin in S. mutans. A
comparison of the wild-type strain with an at/4 deletion mutant
revealed that the two major autolytic protein bands originated
from atlA, as both bands disappeared with the atl4 deletion
mutant. Western blot analysis with an antibody against the
N-terminal region of AtlA confirmed that the deletion oc-

ODSSO

Y7
T T T V77 1 T

3 4 24 48

Time (h)

FIG. 6. Comparison of autolytic activities of Xc92 (Aatl4) and the
wild-type strain Xc. An autolysis assay of bacterial cells was carried out as
described in Materials and Methods. The cell suspension was incubated at
the optimum temperature for the autolytic activity of AtlA (44°C). Open
circles represent Xc92 (AarlA); closed circles represent Xc.
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FIG. 7. Biofilm formation and quantification of wild-type Xc and
Xc92 (AatlA) on polystyrene surfaces. Biofilms were cultivated in BHI
broth with 1% glucose or 1% sucrose. Biofilms were stained and the
OD,, was measured. (A) Mean OD,q, values = standard deviations.
* P <0.01; **, P < 0.001 (Student’s ¢ test). (B) Photograph of typical
biofilms grown on polystyrene microtiter plates.

curred in this region. The degradation of cell wall hydrolases
without a loss of enzymatic activity has been observed previ-
ously for Bacillus licheniformis (23), Bacillus subtilis (13, 26),
and Lactococcus lactis (3). These results suggest that the atl4
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gene cloned for this study encodes the major autolysin of
S. mutans.

Autolysins have been extensively investigated from S. pneu-
moniae, one of the gram-positive bacteria (Table 3). Three
kinds of autolysins (LytA, LytB, and LytC) from this organism
have been identified and characterized (5, 6, 7). LytA, the main
autolytic enzyme of S. pneumoniae, is an N-acetylmuramoyl-L-
alanine amidase and is responsible for most autolysis in S.
pneumoniae. LytB and LytC have been identified as an endo-
B-N-acetylglucosaminidase and a (-1,4-N-acetylmuramidase,
respectively. Inactivation of the /yzB gene does not affect cell
wall hydrolytic activity, and LytC is responsible for autolytic
activity in a lyzA mutant. Thus, each autolysin plays a different
role in the autolytic system of S. pneumoniae. The results of
homology studies showed that a sequence of 196 amino acid
residues in the C-terminal region of AtlA had a high degree of
similarity to the consensus sequence of the active domain of
B-1,4-N-acetylmuramidase, which was also detected in LytC.
The peptidoglycan of S. mutans consists of a repeating disac-
charide, N-acetylmuramic acid-(B-1,4)-N-acetylglucosamine,
that contains the site of hydrolysis for B-1,4-N-acetylmurami-
dase. Furthermore, most bacterial peptidoglycan hydrolases,
including LytA, LytB, and LytC, have a substrate-binding do-
main in addition to a catalytic domain. However, there is no
region in AtlA that is homologous to any substrate-binding
domain.

In order to further characterize the AtlA protein, we com-
pared AtlA with LytC, which is known to be a B-1,4-N-acetyl-
muramidase (Table 3). AtIA consists of 979 amino acids with a
molecular weight of 107,279; LytC has 501 amino acids and a
molecular weight of 58,682. AtlA and LytC each possess a
conserved B-1,4-N-acetylmuramidase domain at the C-termi-
nal end. The identity between these two domains is 24.5%.
LytC has a choline-binding domain in the N-terminal portion,
in addition to the catalytic domain, but there is no substrate-
binding domain in the AtlA protein. As for biological function,

Xc (wild-type)

Xc92 (AatlA)

FIG. 8. Scanning electron micrographs showing the spatial distribution and architecture of sucrose-dependent biofilms formed by S. mutans Xc
(left) and Xc92 (AatlA) (right). Magnification, X1,000.
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FIG. 9. Effect of antibodies raised against partial peptides within the AtlA protein on chain length and autolytic activity. (A) Light microscopic
views. Xc was grown in BHI broth including each purified antibody (final concentration of 0.25 mg/ml). (B) Autolysis of Xc cells incubated with
each antibody. Xc cells were incubated in autolysis buffer including each purified antibody (final concentration of 0.25 mg/ml). No preimmune sera
affected both the chain length and the autolytic activity of the wild-type strain Xc.

LytC is responsible for the remaining autolytic activity in a lyt4
mutant, and inactivation of the atl4 gene resulted in a marked
decrease in autolysis. The optimum temperatures for the au-
tolytic activities of AtlA and LytC were 44°C and 30°C, respec-
tively. In S. pneumoniae, the inactivation of the lytB gene leads
to the formation of long chains of cells (4), the inactivation of
the IytA gene results in the formation of small chains (6 to 10
cells in length) (31), and the mutation of the /y#C gene does not
affect the chain length of S. pneumoniae cells (7). In contrast,
the inactivation of atlA4 led to the formation of long chains in S.
mutans. AtlA was involved in both cellular autolysis and cell

separation. These results suggest that AtlA may have a biolog-
ical function different from those of the previously identified
autolysins. Considering that AtlA had the functions of both
LytA and LytB, it may have an N-acetylmuramyl-L-alanine
amidase and/or B-1,4-N-acetylglucosaminidase activity, al-
though it does not contain these enzymatic domains. Unfortu-
nately, we failed to purify the AtlA protein and therefore could
not determine the site of hydrolysis of AtlA.

The ability to form biofilms is one of the virulence properties
of S. mutans. This ability derives from two distinct processes,
an initial sucrose-independent attachment and an enhance-

TABLE 3. Comparison of biochemical and biological properties of the AtlA enzyme and the LytA, LytB, and LytC enzymes

Molecular mass”

Optimum temperature

Enzyme Catalytic activity (kDa) °C) Autolysis Mutant phenotype Biofilm effect”
AtlA Muramidase homologue 107 44 Yes Long chain Important
LytA Amidase 36 37 Yes Small chain NR
LytB Glucosaminidase 82 37 No Long chain NR
LytC Muramidase 59 30 Yes NA® NR

“ Molecular masses were calculated from the deduced amino acid sequences.
? NR, not reported.
¢ NA, not affected.
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ment of the attachment by a sucrose-dependent mechanism
(12). It is well known that the sucrose-dependent biofilm plays
an important role in the formation of dental caries (40). The
mechanisms of sucrose-dependent biofilm formation, includ-
ing the role of glucosyltransferase, have been well established.
On the other hand, the mechanisms of sucrose-independent
initial biofilm formation have not yet been elucidated. Re-
cently, a genetic investigation of the initial sucrose-indepen-
dent biofilm formation of S. mutans revealed the involvement
of several genes associated with a quorum-sensing signaling
system. com mutants formed sucrose-independent biofilms
with an altered architecture or reduced biomass in the pres-
ence of glucose (16), whereas sucrose-dependent biofilms
formed by com mutants were very similar to those formed by
the wild-type strain (43). Deletion of the hk-11 or rr-11 gene,
both of which are involved in a two-component regulatory
system, also resulted in the formation of a biofilm with a
reduced biomass and an abnormal structure in the absence of
sucrose (15). Conversely, a luxS mutant formed altered bio-
films with large gaps compared with the biofilms of the wild-
type strain in the presence of sucrose (19), but there was no
significant difference in the formation of sucrose-independent
biofilms by the mutant and wild-type strains (43). Interestingly,
for the atlA mutant, sucrose-dependent biofilm formation as
well as sucrose-independent biofilm formation was altered,
with sucrose-independent biofilm formation being extensively
reduced. Furthermore, biofilms formed by the a7l4 mutant had
a sponge-like architecture, while those of the parent strain had
a relatively smooth and confluent structure. Recent studies
have indicated that cells in mutant biofilms (the comC mutant,
the brpA mutant, and the hr/rrl1 mutants) with abnormal struc-
tures tend to form long chains, suggesting that the variation in
biofilm structure might result from the formation of extremely
long chains of cells (15, 16, 39). In the present study, the
inactivation of the arl4 gene led to the formation of long
chains. The regulation of the chain length of Streptococcus cells
may play an important role in biofilm formation.

The results of inhibition assays indicated that the active
center of AtlA is located in the C-terminal portion of the
protein, which contains the B-1,4-N-acetylmuramidase cata-
lytic domain. The use of the antibody raised against the C-
terminal peptide (F6 peptide) drastically attenuated the auto-
Iytic activity of S. mutans and led to the formation of long
chains of S. mutans cells. These results were similar to those
seen for the atl4 mutant. However, the F6 peptide exhibited no
lytic activity in a zymogram analysis when it was synthesized in
E. coli. Furthermore, the inhibition by the anti-F6 antibody was
extremely specific to S. mutans. The F6 peptide prepared for
the production of the antibody was composed of 219 amino
acids. Further characterization might identify the active center
within the peptide and provide us with a novel target for
antibacterial drugs. In addition to the anti-F6 antibody, the
antibody raised against the F3 peptide had a small effect on the
autolytic activity and chain length. A catalytic domain similar
to those of other autolysins (amidases, glucosaminidases, etc.)
may exist in the F3 region, which possesses a different structure
from those identified previously. Much remains to be learned
about this enzymatic activity, and further characterization of
AtlA is required to elucidate the autolytic system of S. mutans.
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