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A transposition mutant of Staphylococcus aureus was selected from the parent strain MT23142, a derivative
of strain 8325. The site of transposition was near the 5’ terminus of the gene arlS. ArlS exhibits strong
similarities with histidine protein kinases. Sequence analysis suggested that arlS forms an operon with
upstream gene arlR. The predicted product of arlR is a member of the OmpR-PhoB family of response
regulators. The arlS mutant formed a biofilm on a polystyrene surface unlike the parent strain and the
complemented mutant. Biofilm formation was associated with increased primary adherence to polystyrene,
whereas cellular adhesion was only slightly decreased. In addition, the arlS mutant exhibited increased
autolysis and altered peptidoglycan hydrolase activity compared to the parental strain and to the comple-
mented mutant. As it has been shown for coagulase-negative staphylococci that some autolysins are able to
bind polymer surfaces, these data suggest that the two-component regulatory system ArlS-ArlR may control
attachment to polymer surfaces by affecting secreted peptidoglycan hydrolase activity. Finally, the arlS mutant
showed a dramatic decrease of extracellular proteolytic activity, including serine protease activity, in compar-
ison to the wild-type strain and the complemented mutant, and cells grown in the presence of phenylmethyl-
sulfonyl fluoride (a serine protease inhibitor) showed an increased autolysin activity. Since the locus arlR-arlS
strikingly modifies extracellular proteolytic activity, this locus might also be involved in the virulence of S.

aureus.

Staphylococcus aureus is a major pathogen in human infec-
tious diseases. It appears to differ considerably from the coag-
ulase-negative staphylococci (CoNS), such as Staphylococcus
epidermidis and Staphylococcus saprophyticus, with respect to
its pathogenicity in that it elaborates a large number of extra-
cellular virulence factors and other proteins, while the CoNS,
which are usually more indolent pathogens, generally produce
few if any of these factors. CoNS cause infections associated
with implanted foreign bodies such as intravascular catheters.
Previous reports of adherence by staphylococci have concen-
trated primarily on the CoNS (8, 24, 33). However, an essential
step in the establishment of any staphylococcal infection is
attachment to the host tissues themselves or to foreign bodies
within host tissues.

Environmental stimuli have been shown to play an impor-
tant role in expression of virulence genes during pathogenesis.
Because S. aureus has the ability to invade different tissues, it
responds to environmental stimuli in order to survive and
express virulence genes during the infection. To survive, the
cells must monitor external conditions and adjust their struc-
ture, physiology, and behavior accordingly. Thus, bacteria have
developed sophisticated signaling systems for eliciting adaptive
responses to their environment. The molecular mechanisms
responsible for stimulus-response coupling often involve two
types of components encoded by an operon, a transmembrane
sensor (histidine protein kinase) and its associated response
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regulator (50). In general, the transmembrane protein binds a
specific ligand, the signal, and binding triggers autophosphor-
ylation at a conserved histidine residue. The phosphorylated
sensor then transfers the phosphate to an aspartic residue in
the response regulator (39). The response regulator can in turn
enhance or repress transcription of target genes, as occurs with
PhoB in the phosphate regulon (28) and OmpR in the porin
regulon (27, 55) of Escherichia coli. A two-component regula-
tory system, AgrC-AgrA, involved in the production of viru-
lence factors was previously described for S. aureus (21, 37, 43).
This locus has also been shown to affect autolysin expression
(16). Peptidoglycan hydrolases, enzymes that hydrolyze either
the glycan or the peptide moieties of peptidoglycan, participate
in a number of important biological processes occurring during
cell growth and division, including cell wall synthesis, daughter
cell separation, and peptidoglycan turnover and recycling (1).
As these hydrolases are also involved in lysis of bacteria, some
have been called autolysins. Thus, the same two-component
regulatory system can be involved in pathogenesis as well as in
cellular physiology.

In order to find loci involved in the regulation of the mul-
tidrug efflux pump NorA of S. aureus, we used a library of
Tn917LTV1 insertions in the chromosome of strain MT23142
with selection for higher and lower levels of resistance to tet-
raphenylphosphonium bromide (TPP), a substrate of NorA,
than are found in MT23142. Overproduction of norA leads to
resistance to drugs such as quinolones, ethidium bromide, and
TPP (14, 35). MT23142 carries the flgB mutation. flgB, a cis-
acting mutant of norA, is localized downstream of the initiation
site of nor4 and overexpresses norA (35). One transposition
mutant, BF15, obtained from the library showed a slight in-
crease of resistance to TPP and modifies nor4 expression (14).
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TABLE 1. S. aureus strains used in this study

Strain Genotype f::)flz:l;‘:eilé);
ISP794 8325 pig-131 49
MT23142 8325 pig-131 flgB 35
BF15 8325 pig-131 flgB arlS::Tn917LTV1 14
BF16 8325 pig-131 arlS::Tn917LTV1 This study
BF17 8325 pig-131 arlS::Tn917LTV1 complemented This study
SH108 8325-4 atl::lacZ 13
BF18 8325-4 atl::lacZ arlS::Tn917LTV1 This study

In addition to effects on norA expression, the mutant unex-
pectedly showed alterations in autolysis. In order to character-
ize this mutant, we analyzed the sequence of chromosomal
DNA flanking the insertional site of Tn977LTV1. We found a
new two-component regulatory system, ArlS-ArlIR. Insertion
of Tn977 in the arlS gene resulted in changes in adhesive
properties, the rate of autolysis, and extracellular proteolytic
activity. All these properties were complemented by the cloned
arlR and arlS genes, indicating that the disruption of arlS was
responsible for the mutant phenotype.

MATERIALS AND METHODS

Bacterial strains and plasmids. The S. aureus strains used in this study are
listed in Table 1. Staphylococci were cultivated in Trypticase soy broth (TSB) at
37°C unless otherwise stated. E. coli cells were grown in Luria-Bertani medium.
Cloning of S. aureus chromosomal DNA fragments was performed in E. coli
DH5a (Gibco-BRL) using plasmid pGB2 (11).

Transposon mutagenesis. Plasmid pLTV1 (6), which contains a derivative of
Tn917, was introduced into S. aureus MT23142 at the permissive temperature
(30°C). For generation of a library of transposon insertion mutants, a single
colony was grown overnight at 30°C in TSB containing 1 ug of erythromycin per
ml and 25 pg of lincomycin per ml (42). Five hundred milliliters of TSB was
inoculated with 1 ml of the overnight culture, and the cells were grown to
stationary phase at 42°C. The cells were centrifuged, resuspended in 5 ml of TSB,
and frozen in aliquots at —70°C. The library was screened by plating on Tryp-
ticase soy agar containing 13 pg of TPP per ml. One mutant, resistant to TPP,
was isolated and named BF15. Southern blot analysis of EcoRI-, HindIIl-, MscI-,
or Hpal-digested chromosomal DNA from BF15, using as a probe the cat gene
of Tn917 (42), showed that BF15 contained a single transposon insertion (data
not shown).

DNA manipulations. DNA manipulations, Southern hybridization, and trans-
formation of CaCl,-competent E. coli cells were performed using standard pro-
cedures (46). Plasmid DNA isolation was performed using the Qiagen Midiprep
kit. S. aureus was transformed with plasmid DNA by electroporation (15). Chro-
mosomal DNA from S. aureus was prepared as described previously (49). Trans-
formation with high-molecular-weight chromosomal DNA was performed as
previously described using phage ®55 (49).

DNA sequencing and sequence analysis. The ABI fluorescent system and Tag
dye terminators (Qiagen) were employed for the sequencing reactions. DNA
sequence analysis was performed using Genetics Computer Group (GCG) soft-
ware. The predicted amino acid sequences of ArlS and ArlR proteins were
compared with the sequences of the EMBL/GenBank/DDBJ data library using
the TFASTA program (GCG).

Analyses of the Tn917 insertion site in BF15. DNA flanking the Tn917 inser-
tional site in the chromosome of BF15 was cloned using the strategy developed
by Camilli et al. (6). Chromosomal DNA from BF15 was digested with EcoRI,
and the flanking region of the transposon together with a partial sequence of
Tn917 was self-ligated, creating plasmid pECO1. The nucleotide sequence of the
chromosomal DNA in pECO1 was determined using a primer hybridizing within
the transposon (42) and other synthetic oligonucleotide primers.

‘We were unable to clone one of two sides of the insertional site in BF15 by the
method of Camilli et al. (6). As an alternative approach, chromosomal DNA
from ISP794 was partially digested with Sau3A and ligated into plasmid pGB2
digested by BarmHI. The plasmid containing the chromosomal DNA was selected
by colony hybridization using a 1-kb probe specific for the insertional site in
BF15. This probe was constructed by digesting pECO1 with Sall (site present in
Tn917) and Hpal (site present in the flanking chromosomal DNA of BF15). A
plasmid was isolated and named pBAM2-3. The nucleotide sequence of the
chromosomal DNA in pBAM2-3 was determined using a primer from the chro-
mosomal DNA sequence determined in pECO1 and other synthetic oligonucle-
otide primers.

Cloning of the wild-type arIR-arlS locus. PCR amplification of a 2.4-kb product
containing arlR and arlS was performed using Vent DNA polymerase (New

England Biolabs) and chromosomal DNA of ISP794. Two primers containing the
BamHI site (underlined), 5'-CTA TGG ATC CTA CAA TAG TGA AAA
GTC-3' (positions 29 to 55 according to Fig. 1) and 5'-GGG GGA TCC ACA
GAA ATG ATA AAG AA-3' (positions 2448 to 2473), were used. The condi-
tions for PCR involved a 10-min step at 94°C followed by 30 cycles of 94°C for
45 s, 53°C for 45 s, and 72°C for 2 min 30 s and a 10-min final step at 72°C. The
PCR product contained about 300 bp upstream and 100 bp downstream of the
arlR-arlS locus.

PCR products were digested by BamHI and ligated into the BamHI site of
pSK950 (36), which contains the a#tP site of staphylococcal phage L54a and
which is capable of integrating specifically into the chromosomal atB site located
just 3’ of the geh gene, which encodes staphylococcal lipase. Integration was
facilitated by the presence of plasmid pYL112A19, which carries the L54a int
gene encoding integrase. The resulting plasmid was first introduced at 30°C into
a restriction-deficient derivative of S. aureus 8325-4 (RN4220) (25) carrying
plasmid pYL112A19 and selected on tetracycline (3 wg/ml). The plasmid was
integrated into the chromosome by two shifts at 42°C. Integration was verified by
loss of lipase activity (48). High-molecular-weight DNA of RN4220 carrying the
integrated plasmid was then transformed into BF16 using phage ®55 by selection
on 3 pg of tetracycline per ml to give strain BF17 (Table 1).

Biofilm formation on polystyrene. The test for biofilm-forming capacity, de-
scribed previously (10, 18), was performed. The cells were grown for 24 h at 37°C
in 96-well polystyrene microtiter plates (Falcon). The cells were washed with
phosphate-buffered saline (PBS), fixed with Bouin solution, and stained with
safranin.

Primary adherence to a polystyrene surface. Primary adherence to a polysty-
rene surface was determined as previously described (17), with some modifica-
tions. Overnight cultures were adjusted with PBS to an optical density at 578 nm
(ODs43) of 1.0. Five milliliters of each suspension was added to a polystyrene
petri dish (Fisherbrand) and incubated for 30 min at 37°C. Petri dishes were
washed at least five times with PBS. Cells were fixed with Bouin solution and
Gram stained. Adherent bacterial cells were observed by oil immersion micros-
copy and counted (the mean of four different microscopic fields). All results
shown are the means of at least two independent determinations.

Hemagglutination. Hemagglutination assays were performed as previously
described (45) using a suspension (1%) of human O erythrocytes (Sigma Chem-
ical Co.) in PBS. Bovine serum albumin was added to a final concentration of 1%
to avoid nonspecific hemagglutination. The bacterial suspension was adjusted to
an ODgq, of 1.0. The cells were centrifuged, washed once in PBS, and resus-
pended in the same volume of PBS. Twofold serial dilutions of cells were
performed in a microtiter plate.

Triton X-100-induced autolysis assays. Autolysis assays were performed as
described by Mani et al. (30). Bacteria were grown in TSB containing 1 M NaCl
to an ODsg, of 0.6 to 0.8. The cells were pelleted by centrifugation and resus-
pended in the same volume containing 50 mM Tris-HCI (pH 7.5) and 0.1%
Triton X-100. The cells were then incubated at 30°C with shaking, and the
changes in A5z, were measured. Results were normalized to ODsg at time zero
(ODyy), i.e., percent lysis at time ¢+ = [(OD, — OD at time 7)/OD,] X 100. All
results shown are the means of at least two independent determinations.

Enzyme assays. Heat-killed cells of S. aureus ISP794 were used as the standard
substrate for lytic enzymes. Lytic activity was assayed by monitoring the rate of
decrease in the turbidity of the cell suspension as previously described (52).
Supernatants of cultures of different S. aureus strains were recovered at different
growth times (ODgy, = 0.5 and 0.9, and overnight). The supernatants were
sterilized by filtration through a 0.45-pm-pore-size filter. Heated cells were
suspended in 0.1 M phosphate buffer (pH 7.0; 10 mg [dry weight]/ml). One
milliliter of cell suspension was mixed with 9 ml of culture supernatant. The
mixture was incubated at 37°C with shaking, and the rate of change in turbidity
was measured at 660 nm in a spectrophotometer. A reaction mixture lacking
enzyme extract (TSB alone) was used as a control. The results were expressed as
percent lysis as described for the autolysis assays.

Quantitative measurements of bacteriolytic activity were performed by mixing
8 ml of an appropriate dilution of overnight culture supernatant fluid with 500 .l
of cell suspension. The decrease in ODgg, was measured every 30 min for 3 h.
Units of bacteriolytic activity are reported as the linear slope of a plot of ODyg
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versus time. Bacteriolytic specific activities were expressed as units per milligram
of protein.

Proteolytic activities were determined using the insoluble proteolytic substrate
azocoll (Calbiochem) as previously described (22, 44) with some modifications.
The substrate (4 mg/ml) was suspended in 100 mM phosphate buffer (pH 7.0).
Five hundred to 750 pl of an overnight culture supernatant was added to 500 pl
of the substrate suspension. The mixtures were incubated for 2 h at 37°C with
shaking. After incubation, the assay mixtures were centrifuged and the absor-
bances at 520 nm were determined. Proteases were distinguished through the use
of different protease inhibitors (phenylmethylsulfonyl fluoride [PMSF], EDTA,
and p-hydroxymercuribenzoate [PHMB]). These inhibitors were added for 45
min to the culture supernatant before adding the proteolytic substrate azocoll.
One unit of protease activity was arbitrarily defined as the proteolysis which
resulted in the release of 0.001 absorbance unit of dye for 2 h. Protease-specific
activities were expressed as units per milligram of protein.

B-Galactosidase activity was determined as previously described (31). Protein
concentrations were determined by the Bradford method (Bio-Rad). All results
shown are the means of at least two independent determinations.

Protein isolation and SDS-PAGE. Proteins were isolated as previously de-
scribed (17, 33) by cultivating the staphylococcal strain on a sterile dialysis
membrane (Millipore VS) overlaid on Trypticase soy agar. Five hundred micro-
liters of an overnight culture (precultivated in TSB) adjusted in PBS buffer to an
ODs-5 of 1.0 was placed on the membrane. After 20 h of growth, extracellular
proteins were isolated by adding 100 pl of PBS to the membranes and scraping
the growth into a microcentrifuge tube; the bacteria were separated from the
extracellular proteins by centrifugation. The protein concentration was measured
by the Bradford method (Bio-Rad). Fifty micrograms of proteins was subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(11% separation gel, 4% stacking gel). Proteins were stained with Coomassie
brilliant blue R250.

Identification of the arlR-arlS locus in other S. aureus strains. Two primers
chosen inside the ar/R-arlS locus, 5'-AAT TTT ACG TCG TCA GCC ACA A-3’
(positions 677 to 699 according to Fig. 1) and 5'-GAT TTT TAG ATG TCA
GAT CCG T-3' (positions 1985 to 2006), were used to amplify the chromosomal
DNA of six different clinical strains. Ten microliters of the PCR products was
loaded on an agarose gel, and the presence of the product of 1.3 kb was
determined.

Antimicrobial susceptibility testing. MICs were determined by a serial twofold
dilution method on Mueller-Hinton agar as previously described (15).

Nucleotide sequence accession number. The entire nucleotide sequence of
arlR and arlS was deposited in the GenBank/EMBL nucleotide sequence data
library under accession no. AF165314.

RESULTS

Sequence analysis of the insertional site in BF15. During
our studies on the multidrug efflux pump NorA of S. aureus, we
selected Tn917 insertion mutant BF15 (Table 1) using plasmid
pLTV1 (14). We found that Tn917 was inserted within an open
reading frame which we have named arl$ for autolysis-related
locus, sensor protein. Sequencing of the DNA upstream of arl$
revealed the presence of a second open reading frame, which
we named arlR for autolysis-related locus, regulator protein
(Fig. 1A). These open reading frames were both preceded by
consensus ribosome-binding sites and were oriented in the
same direction (Fig. 1A). A putative promoter was found 36 bp
upstream of arlR (Fig. 1A). The overlap between arlR and arlS
and the absence of an obvious transcriptional terminator or
promoter sequence upstream of arlS suggested that the two
genes might be transcribed as a single message, but additional
transcriptional analysis will be needed. A predicted stem-loop
structure likely to act as a factor-independent transcription
termination signal was observed 159 bp downstream of the arl$
stop codon (Fig. 1A). The putative arlS gene product is pre-
dicted to initiate with an ATG start codon and to encode a
52.4-kDa protein (termed ArlS) containing 451 amino acids.
The putative arlR gene product is predicted to initiate with an
ATG start codon and to encode a 25.5-kDa protein containing
219 amino acids. The G+C content of this region was low
(30%), which is consistent with that of the S. aureus genome.

The predicted amino acid sequence of ArlR shared strong
similarities with those of response regulators (Fig. 1B). The
response regulator family is defined by a conserved domain of
about 120 amino acids that is generally located in the N ter-
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minus of each of these proteins (50). The residues that corre-
spond to Asp-9, Asp-52, and Lys-101 in ArlR are invariant
among response regulators (50) (Fig. 1B). These residues are
located in the active site of the regulator. The response regu-
lators may be placed into subfamilies based on their C-terminal
domains (50). ArlR belongs to the PhoB-OmpR family (Fig.
1B). This family has a conserved C terminus that binds to
specific DNA sequences upstream of the regulated promoters.
In the intact protein, phosphorylation of the N-terminal do-
main serves to stimulate DNA-binding activity (50).

The predicted amino acid sequence of ArlS had strong sim-
ilarities with sequences of all of the regions conserved in sensor
proteins (Fig. 1C). The histidine protein kinase family is de-
fined by a region of conserved sequence generally located near
the C terminus (50). Within the C terminus, there are several
residues that are strongly conserved in three different regions
(Fig. 1C). The conserved histidine in region I (position 242 for
ArlS) is by homology predicted to be the site of phosphoryla-
tion of ArlS (50). A second domain (II) is necessary for kinase
activity (51). The last domain (III) contains a G box (53). In
addition, ArlS contains two hydrophobic membrane-spanning
domains (Fig. 1A), suggesting that this protein is membrane
associated like many of the histidine kinases (50). These results
strongly suggest that the protein ArlS is a sensor phosphory-
lating its regulator, ArIR. However, we have no direct evidence
of such function, nor are the environmental factors that mod-
ulate expression of ArlS known. The arlR-arlS locus had the
strongest similarity with locus csrS-csrR of group A strepto-
cocci: ArlS and CsrS showed 32% amino acid identity and 43%
similarity for the entire protein, and ArlR and CsrR showed
54% identity and 63% similarity for the entire protein. The
csrSR locus has been shown to be involved in the regulation of
hyaluronic acid capsule synthesis in group A streptococci (26).

To determine if the arlR-arlS locus was also present in other
clinical strains of S. aureus, this locus was amplified by PCR
using chromosomal DNA from six epidemiologically unrelated
clinical S. aureus strains from one hospital and a primer set
with one primer within ar/[R and the other within arlS (see
Materials and Methods). The expected PCR product of 1.3 kb
was amplified in all six strains (data not shown), indicating that
this locus, identified in laboratory strains of S. aureus, could be
present in most or all members of the species.

Complementation. To prove that the BF15 phenotype is due
to transposon insertion, the erythromycin resistance marker
from the Tn977 mutant BF15 was reintroduced into the wild-
type parent strains ISP794 and MT23142 by using phage ®55.
Analyses of two erythromycin-resistant transformants showed
properties similar to those of BF15 (data not shown), indicat-
ing that the BF15 phenotype was linked to the transposon. One
transformant in the wild-type strain ISP794 carrying the arlS
mutation (BF16) was used for this study (Table 1).

In order to confirm the properties of the two-component
regulatory proteins, the chromosomal DNA region containing
the arlR-arlS locus was amplified by PCR. The product was
cloned into pSK950 and integrated into the chromosome of
BF16. One representative transformant, S. aureus BF17, was
characterized. As detailed in following sections, introduction
of the arlR-arl§ locus into the chromosome complemented all
of the phenotypic properties of the arlS mutant, indicating that
the disruption of arl§ itself was responsible for the mutant
phenotype.

Colony morphology. S. aureus ISP794 and MT23142 formed
smooth, shiny colonies on Trypticase soy agar whereas colonies
of BF16 were smaller, dull, and sticky. The complemented arlS
mutant BF17 had a morphology similar to that of the wild-type
strains.
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9 52 101
Sa ArlR QILIVEDEQNLA LIILDLMLPSING YDLIDYIVKPFDIE
Sp CsrR KILITEDEKNLA LILLDLMLPEMDG RGADDYIVKPFAIE
Ec PhoB RILVVEDEAPIR LILLDWMLPGGSG TGADDYITKPFSPK
Ae CzcR RVLVLEDEPRTA LIILDVMLPGMDG UDVIDYLVKPFAFA
Mt MtrA RILVVDDDASLA LVLLDLMLPGMNG SGADDYIMKPFKPK
Bp IR RILIVEDEPKTG LIILDVMLPGHDG LGADDYVVKPFDVF
Ec OmpR KILVVDDDMRLR LMVLDLMLPGEDG IGADDYIPKPFNPR
Cc I 11 111
242 358 388 420
Sa ArlS DASHELRTPLQ QLFLIFIDNAIKY ITDHGIGIPE GGNGLGLSIA
Sp CstS DVSHELRTPVA QALMILIDNAVKY VOQDKGEGISK AGLGIGLSIL
Bs PhoR NVSHELKTPIT QVFLNLVNNALTY VADSGIGIQK GGTGLGLAIV
Ae CzcS DLAHDLRTPLN RAINNVLSNAVRH ITNVGDPIPE QSTGLGLAIV
Mt MuB DVSHELGTPLT RILRNLIANAIDH VRDYGVGLRP GGTGLGLAIS
Bp It1S NLAHDMRTPLT RALSNLISNALNH VSDTGRGIEA SGTGLGLATIV

FIG. 1. Schematic map of the arlR-arlS locus. (A) Diagram of the region of the BF15 chromosome including ar/R, arlS, and flanking sequences. The site of the
Tn9I7LTV1 insertion in strain BF15 is at position 1339. Arrows, direction of transcription for open reading frames arlR (positions 336 to 995) and arlS (positions 992
to 2347). In arlR, sequences encoding predicted receiver domains are indicated by shaded boxes (positions 363 to 639). In arlS, hatched boxes indicate two predicted
hydrophobic membrane-spanning regions (positions 1028 to 1112 and 1442 to 1517) and the black areas represent predicted transmitter domains (positions 1718 to
2252). The —35 and —10 consensus sequences of the putative promoter are underlined, the ribosome-binding sites are double underlined, the start codons are boxed,
and the transcription termination signal (positions 2505 to 2534) is indicated by dotted lines. (B) Amino acid sequence alignments of the putative ArlR with other
response regulators presenting the strongest similarities with ArlR. Only regions of sequence similarity according to Stock et al. (50) are indicated. Boldface, highly
conserved residues. Numbers refer to the amino acids of ArlR. Accession numbers and/or reference numbers for the protein sequences are as follows: CsrR, X98451,
26; PhoB, X04026, 29; CzcR, X98451, 56; MtrA, U01971, 57; IrIR, AF005358, 22; OmpR, 12. (C) Amino acid sequence alignments of the putative ArlS with other
protein histidine kinases presenting the strongest similarities with ArlS. Only regions of sequence similarity according to Stock et al. (50) are indicated. Boldface, highly
conserved residues. Numbers refer to the amino acids of ArlS. Accession numbers and reference numbers for the protein sequences are as follows: CsrS, AF082668,
26; PhoR, M23549, 47; CzcS, X98451, 56; MtrB, U14909, 57; IrlS, AF005358, 22. Abbreviations of organism names: Sa, S. aureus; Sp, Streptococcus pneumoniae; Ec,
E. coli; Ae, Alcaligenes eutrophus; Mt, Mycobacterium tuberculosis; Bp, Burkholderia pseudomallei; Bs, B. subtilis.

Biofilm formation on polystyrene. In a previously described
biofilm assay, primary attachment and accumulation of multi-
layered cell clusters, which together lead to biofilm formation,
can be measured. After growth of the strains in microtiter
plates, the appearance of the culture of BF16 was different
from that of the wild type. In contrast to the wild type, which
exhibited no affinity for the polystyrene surface, leading to a
minimal adherent-cell density by safranin staining when the
culture fluid was removed from the microtiter plates, BF16
formed an adhesive film of bacteria on the surface (Fig. 2). The
complemented mutant BF17, like the parent strain, did not
form a film on the polystyrene surface.

In order to determine whether the biofilm formation in the
arlS mutant was due to a modification of primary adherence to
polystyrene, the numbers of cells bound to polystyrene for the
three strains were measured. The number of attached cells
with BF16 (410 cells for four oil immersion microscopic fields)
was fourfold higher than that with wild-type strain ISP794 (100
cells), demonstrating that BF16 had enhanced binding to poly-

styrene. The complemented mutant BF17 (130 cells) bound to
polystyrene at a level comparable to that of the wild type. As
the hemagglutination assay is a commonly used assay to dem-
onstrate bacterial adherence, it was applied to the wild-type
strain, the arlS mutant, and the complemented mutant, and no
hemagglutination was observed with intact washed cells (data
not shown).

Cell aggregation is indicative of the ability of strains to
express intercellular adhesion and to accumulate in multilay-
ered cell clusters. In cultures grown overnight in TSB, BF16,
observed by phase-contrast microscopy, failed to produce cell
clusters. Wild-type strain ISP794 and complemented mutant
BF17 formed small cell clusters of five cells. Intercellular ad-
hesion seems to be slightly impaired in mutant BF16. To-
gether, these results indicate that insertion of Tn917 in arlS is
responsible for the altered adhesive and aggregation proper-
ties of BF16.

Extracellular proteins. Using SDS-PAGE, we compared the
patterns of secreted proteins (Fig. 3). In order to concentrate
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FIG. 2. Quantitative assay of biofilm formation in polystyrene microtiter plates. Lane 1, wild-type strain ISP794; lane 2, mutant BF16; lane 3, complemented mutant

BF17.

secreted proteins, cells were grown on a dialysis membrane.
Extracellular proteins were isolated by adding PBS to the over-
night culture. The pattern of secreted proteins for BF16 dif-
fered strikingly from that for the wild-type parent strain ISP794
and is similar to that for a cellular lysate (Fig. 3). One likely
possibility to explain the pattern observed with the mutant cells
is that these proteins originated from the cytoplasm rather
than the supernatant due to increased lysis of the BF16 cells in
stationary phase.

Autolysis assays. To study Triton X-100-induced autolysis,
S. aureus strains were grown in TSB containing 1 M NaCl and
resuspended in a medium containing 0.1% Triton X-100. For
the wild-type strain, a small degree of lysis was observed (Fig.
4). Under these conditions, the BF16 mutant exhibited an
increased Triton X-100-induced autolysis rate (63% autolysis
in 3 h) compared to the parent strain ISP794 (23% autolysis in
3 h). The complemented mutant BF17 exhibited a slow autol-
ysis rate (13% autolysis in 3 h) (Fig. 4).

The major autolysin of S. aureus 8325-4 is the 137-kDa Atl
protein (13, 52). Atl is a bifunctional protein that has glu-
cosaminidase (GL) and amidase (AM) domains, which are
separated by proteolytic processing to generate two extracel-
lular lytic enzymes, a 51-kDa GL and a 62-kDa AM (38). When
atl is disrupted in SH108 by introduction of the plasmid
pSA107 (13), almost all autolysins disappear on the zymo-
graph, implying that most of the autolysins of S. aureus are the
products of a simple gene, and proform processing results in
the multiple bands visualized on the zymograph (13). The arlS
mutation was introduced into SH108 by transformation of
high-molecular-weight DNA from BF15 with phage ®55 and
by selection on 5 pg of chloramphenicol per ml to give strain

BF18 (Table 1). For both strain SH108 (atl) and strain BF18
(atl arlS), the autolysis rate was very low (4% in 3 h) (data not
shown).

The bacteriolytic activity of the extracellular proteins con-
tained in the culture supernatant was investigated using as lysis
targets heat-killed cells of S. aureus ISP794 (Fig. 5). Superna-
tants were recovered at different phases of growth: ODg, 0.5
(early exponential phase); ODg, 0.9 (late exponential phase);
and overnight (stationary phase). First, for the supernatant of
the parent strain, minimal lysis was observed with cells in early
exponential phase (5% lysis in 5 h) (Fig. 5A), and slight lysis
was observed with the supernatant from the late exponential
and stationary phases (20% lysis in 5 h). In contrast, the su-
pernatant of BF16 produced more-extensive lysis of S. aureus
cells (Fig. 5B). With the supernatant from early exponential
phase, slight lysis was observed (18% lysis in 5 h). Lysis was
more pronounced with the supernatant from late exponential
phase (41% lysis in 5 h) and was higher still with the stationary-
phase supernatant (56% lysis in 5 h). For the transformant
BF17, the lysis was similar to that of the wild type (Fig. 5C).
Since the mutant BF16 lysed extensively in stationary phase
when cells were grown on a dialysis membrane (Fig. 3), we
could not determine the relative amounts and diversity of
murein hydrolases excreted by the different strains using zy-
mography.

The supernatants of late-exponential- and stationary-phase
cultures produced extensive lysis of S. aureus cells (Fig. 5B),
indicating that secreted autolysins were increased. However,
we also verified that the susceptibility of the cell wall to auto-
lysin and peptidoglycan hydrolase binding to the cell wall were
not modified. To determine the susceptibility of cell walls to
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FIG. 3. SDS-PAGE analysis of extracellular proteins from different S. aureus
strains. Samples were loaded as follows: lane 1, parent strain ISP794; lane 2,
strain MT23142; lane 3, mutant BF16. Lane M, protein standard.

autolysins, heat-killed cells from early-exponential-phase
(ODgq, 0.5) and overnight cultures of the atfl mutant strain
SH108 and the atl arlS double mutant BF18 were incubated
with an overnight supernatant of wild-type strain ISP794. Cells
from SH108 and BF18 exhibited similar rates of autolysis (data
not shown), indicating that the mutation in arlS does not alter
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FIG. 4. Autolysis of whole cells of S. aureus ISP794 (O), BF16 (®), and
complemented mutant BF17 (<) by Triton X-100. The results are expressed as
lysis percentages as described in Materials and Methods.
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the composition of the cell wall leading to a hypersusceptibility
to autolysins. In order to investigate the relative capacities of
cell walls from wild-type and mutant cells to bind autolysins,
heat-killed cells from early-exponential-phase (ODjy, 0.5) and
overnight cultures of the at/ mutant SH108 and the atl arlS
double mutant BF18 were incubated with an overnight super-
natant of the strain BF16 at 0°C for 60 min. The cells were
removed by centrifugation and filtration, and the unbound
autolytic activity was determined by using heat-killed cells of
ISP794. The results indicate that autolysins bound readily to
cell walls from both strains and that there was no detectable
difference in binding due to the arlS mutation (data not
shown).

It was important to establish whether the increased autolysin
activity associated with the cells was due to an overproduction
of autolysins, an increase of translocation enzyme, or a de-
crease of proteases inactivating autolysins. To determine the
effect of the arlS mutation on atl transcription, we used strain
SH108, which contains a transcriptional fusion between at/ and
lacZ (13). B-Galactosidase activities of wild-type strain SH108
and mutant BF18 (arlS) (Table 1) were measured at different
phases of growth: ODy, 0.5 (early exponential phase); ODg,
0.9 (late exponential phase); and overnight (stationary phase).
No differences between the wild type and the mutant were
observed (data not shown), indicating that expression of a#/ is
not modified in the arlS mutant.

To rule out the possibility that the phenotype of the mutant
was due to an increase in enzyme translocation from the cyto-
plasm to the cell wall, the intracellular concentration of lytic
enzymes was determined. Cells at an ODg, of 0.5 were col-
lected, washed, homogenized with a glass beater, and centri-
fuged. The supernatant was used for lytic activity measurement
using heat-killed cells. The intralytic activity of mutant BF16
was similar to that of wild-type strain ISP794 (data not shown),
suggesting that the translocation of the autolysins was not
involved in the phenotype observed in the mutant.

Extracellular proteolytic activity. As proteases are known to
modify autolysis and cell wall turnover (1, 22, 34, 58), super-
natants from overnight cultures were assayed for proteolytic
activity using the substrate azocoll. Total extracellular proteo-
lytic activity of the mutant strain BF16 was undetectable by this
method, whereas those of wild-type strain ISP794 and comple-
mented mutant BF17 were at least 30-fold higher (Table 2). By
using different protease inhibitors, we were able to quantify the
different types of proteases present in the culture supernatant.
Serine proteases are inhibited by hydroxyl-reactive organofluo-
rides such as PMSF, whereas metalloproteases requiring diva-
lent metal cations are inhibited by chelators such as EDTA
(40). Both serine proteases and metalloproteases are present
in the wild-type strain and the complemented mutant, whereas
no detectable activity was observed in the arlS mutant (Table
2). As thiol proteases contain a sulfhydryl group in the active
site, they are only active in the presence of reducing agents
such as dithiothreitol (DTT) and are inhibited by mercurials
and heavy metals (2, 40). Thus, thiol protease activities were
determined in the presence of DTT (Table 2). The activity in
the presence of PMSF was similar to that in its absence, and
inhibitors of thiol proteases (PHMB and iodoacetamide) in-
hibited the proteolytic activities of the wild-type strain and the
complemented mutant, indicating that only thiol proteases
were measured in the presence of DTT. The thiol protease
activity of mutant strain BF16 was 70-fold lower than those of
the wild type and the complemented mutant (Table 2).

In order to see the effect of PMSF on autolysis, the three
strains were grown overnight in the absence and in the pres-
ence of PMSF. The culture supernatants were then tested for



VoL. 182, 2000

60

AUTOLYSIS REGULATION 3961

50

40t

301

Lysis (%)

20

Time (h)

Time (h)

Time (h)

FIG. 5. Lytic activity of S. aureus culture supernatants at different growth phases: ODggq, 0.5 (O); ODgqp, 0.9 (®); overnight (<). The results are expressed as lysis
percentages as described in Materials and Methods. (A) Parent strain ISP794. (B) Mutant BF16. (C) Complemented mutant BF17.

their bacteriolytic activities (Fig. 6). Bacteriolytic activities of
wild-type strain ISP794 and the complemented mutant BF17
were increased 6- and 4.5-fold, respectively, in the presence of
PMSF, suggesting that inhibition of serine proteases increases
autolysins in the culture supernatant. In contrast, bacteriolytic
activity of the mutant strain in the presence of PMSF was less
than twofold higher than that in the absence of PMSF.

Growth in the presence or absence of NaCl and KCI. As
NaCl has been shown to induce autolysis, we determined the
effect of NaCl and KCl on the growth of mutant and wild-type
strains. Overnight cultures of the parent (ISP794) and mutant
(BF16) strains were diluted 1/100 in TSB with or without NaCl
(50 mM) and grown with shaking at 37°C. Values of ODg,
were measured every hour (Fig. 7). The parent strain grew
normally in the presence as well as in the absence of NaCl. For
BF16, growth was strikingly slower without supplemented
NaCl and was partially restored in the presence of NaCl (Fig.
7). BF16 growth in the presence of KCI (50 mM) was similar to
that in the presence of NaCl (50 mM) (data not shown). Thus,
growth of BF16 is most impaired in the absence of supple-
mented NaCl or KCL

Susceptibility to heavy metals and cell wall-active antimi-
crobials. Because the arlR-arlS locus, particularly the response
regulator ArlR, has similarity with other regulatory systems
involved in heavy-metal physiology (Fig. 1B) (ir/ [23] czc [56]
pco [3], . cop [32], cut [54]), MICs of Cu**, Cd**, Zn**, Co?
and Ni** were tested. No differences between mutant BF16
and wild-type strain ISP794 were observed (data not shown),
suggesting that the arlR-arlS locus is not involved in heavy-
metal physiology.

For BF16, the MICs of ampicillin, oxacillin, methicillin, cy-
closerine, and vancomycin, antibiotics that inhibit the synthesis
of peptidoglycan, did not differ from those for the wild-type
parent strains ISP794 and MT23142 (data not shown).

DISCUSSION

We have identified a new locus, arlR-arlS, encoding a two-
component regulatory system. Disruption of arlS by insertion
of Tn917 resulted in increased adherence to a polymer such as
polystyrene. CoNS colonize polymer surfaces by formation of
multilayered cell clusters, which are embedded in an extracel-
lular matrix (10). The colonized bacteria together with the
extracellular matrix, which is largely composed of cell wall
teichoic acids, are referred to as the biofilm (20). Biofilm
formation takes place in two phases: rapid attachment of the
bacteria to the surface, followed by a more prolonged accu-
mulation phase that involves cell proliferation and intercellular
adhesion (18). The formation of a biofilm on polystyrene by
the arlS mutant strain BF16 was due to a strong primary at-
tachment, whereas the intercellular adhesion, as tested by de-
termining cell aggregation, was only slightly impaired. This
property is due to the disruption of ariS, since in the presence
of the integrated arlR-arlS locus the arlS mutant BF16 loses its
ability to bind polystyrene.

We also found that the arIS mutant had an increased rate of
Triton X-100-induced autolysis compared to that of the paren-
tal strain ISP794. The supernatants of late-exponential- and
stationary-phase cultures produced extensive lysis of S. aureus
cells (Fig. 5B), indicating that secreted autolysins were in-

TABLE 2. Extracellular protease activity determined in the culture supernatant

Activity” (U/mg of protein) of strain:

Protease Additives

ISP794 BF16 BF17

Total protease 440 =15 580
Serine protease 380 =15 470
Metalloprotease 110 =15 96
Thiol protease DTT, EDTA 11,100 160 13,300
DTT, EDTA, PMSF (1 mM) 10,700 100 12,900

DTT, EDTA, PHMB (3 mM) 230 100 110

DTT, EDTA, iodoacetamide (1 mM) 130 90 ND?

¢ Units of serine protease and metalloprotease were determined by subtraction of units obtained with PMSF (1 mM) and EDTA (1 mM), respectively, from the total
units of proteolytic activity. Thiol protease activities were measured in the presence of DTT (1 mM) and EDTA (1 mM).

> ND, not determined.
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FIG. 6. Effect of PMSF on the bacteriolytic activity of the culture superna-
tant. Cells were grown for 18 h in the absence (m) or in the presence () of
PMSF. The culture supernatants were filtered and tested for bacteriolytic activ-
ities. All results shown are the means of at least two independent determinations.

creased. It has been previously demonstrated that autolysins
can mediate primary attachment to polystyrene surfaces (18,
19). Homologs of Atl, AtlE in S. epidermidis and Aas in S.
saprophyticus, have the ability to bind polystyrene, fibronectin,
and vitronectin, a protein of the intercellular matrix (18, 19). In
S. saprophyticus, Aas is able to bind sheep erythrocytes (19). As
expected from previous results for S. aureus (45), we found no
hemagglutination when we tested washed cells of either parent
or mutant. This suggests that autolysins of S. aureus do not
likely agglutinate erythrocytes. AtIE binds vitronectin but not
fibronectin, unlike Aas (19), indicating that these autolysins
have different binding properties. Mutants of S. aureus and S.
epidermidis that lack the extracellular AM activity of Atl and
ALtIE, respectively, have also been shown to form cell clusters
in liquid culture (7, 18, 52). Because our arlS mutant shows an
opposite phenotype, the presence of extracellular peptidogly-
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FIG. 7. Growth curve of the parent strain ISP794 and mutant BF16 in the
presence or absence of NaCl. Results are for ISP794 with (@) or without (O)
NaCl (50 mM) and for BF16 with (#) or without (¢) NaCl (50 mM). ODg, was
measured every hour.
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can hydrolases and a slight decrease of cell cluster formation,
we postulate that an alteration in arlS mediates increased pri-
mary attachment to polystyrene and decreased cell clusters by
increased expression of autolysins. It might be paradoxical that
a strain, such as our mutant, presenting decreased cell aggre-
gation also forms a biofilm on polystyrene surfaces. Since au-
tolysin production is enhanced in this mutant, decreased cell
aggregation in this case might reflect the role of peptidoglycan
hydrolases in cell division rather than in intercellular adhesion
(58).

The increased autolysis rate could be due to increased au-
tolysin activity associated with the cells (by overproduction of
autolysins, increase of the translocation enzyme, or decrease of
proteases inactivating autolysins) or to an increased suscepti-
bility of the cell wall to autolysin. All these possibilities were
tested, and the only observed difference between the wild-type
strain and its ar[S mutant was in the extracellular proteolytic
activity. In mutant strain BF16 all proteases, including serine,
metalloproteases, and thiol proteases, were strikingly de-
creased in comparison to the wild-type strain and the comple-
mented mutant (Table 2). It has been shown that secreted
autolysins are susceptible to inactivation by serine proteases (1,
22, 58). In Staphylococcus haemolyticus, addition of subtilisin (a
serine protease of Bacillus subtilis) to exponentially growing
cells causes a loss of cell wall lytic activity (58). As the mutant
strain BF16 does not produce detectable serine protease ac-
tivity, we can postulate that this deficiency of protease in-
creases the levels of secreted autolysins and is responsible for
the increased autolysis of the mutant cells. Furthermore, when
the S. aureus cells were grown overnight in the presence of
PMSF (a serine protease inhibitor), the bacteriolytic activities
of the culture supernatant from the wild-type strain and the
complemented mutant were significantly increased (6- to 4.5-
fold), whereas that of the mutant was only slightly increased
(less than 2-fold) (Fig. 6). This suggests that, in the absence of
serine protease, the level of secreted autolysin increases.

We observed that growth of the arlS mutant is salt depen-
dent. Both 50 mM NaCl and 50 mM KCl increased the growth
rate of the mutant but not of the parent strain. NaCl at 300
mM did not further increase growth rates (data not shown). It
has been proposed that Na*s but not K*s induce autolysis.
This activation is probably due in some cases to the displace-
ment of autolysins bound to teichoic acid in the cell wall (9,
30). As NaCl induces autolysis, mutant BF16 should grow
slower in the presence of NaCl. However, the opposite was
true since BF16 grew faster with NaCl (Fig. 7). The B. subtilis
lyt-15 mutant has a low rate of wall turnover but a normal rate
of autolysis in low-salt medium in comparison to its parent
strain. The presence of 200 mM NaCl or KClI in the culture
medium normalizes the cell wall turnover of this mutant (9).
Thus, in mutant BF16, we can speculate that the cell wall
turnover, in addition to autolysis, is also impaired and that the
presence of Na* restores a normal rate of cell wall turnover.

Because of their potential to destroy the cell wall, pepti-
doglycan hydrolases must be tightly controlled. In S. aureus,
two two-component regulatory systems have been found to
control autolysins. First, mutations in the virulence regulatory
genes agr and sar affect autolysis. These loci modulate pepti-
doglycan hydrolase expression and/or activity (16). When the
agrC-agrA locus is disrupted, low-molecular-weight cell wall-
associated autolysins (32 kDa) are produced at a lower level
than those of the parental strain, whereas high-molecular-
weight autolysins (>75 kDa) are overproduced. It is not yet
known how AgrC-AgrA acts on autolysin activities. Second,
locus lytS-lytR was shown to modify autolysis in S. aureus (4).
Similarly the lytS mutant was characterized by the diminished
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activity of several peptidoglycan hydrolases and substantial
increases in the activities of several high-molecular-weight ex-
tracellular proteins (4). It has been suggested that this locus
modifies the expression of 25-kDa autolysin LrgB (5).

The V8 serine protease of S. aureus is known to be involved
in virulence because of its ability to cleave and inactivate im-
munoglobulin G antibodies in vitro. This and other proteases
have been proposed to function in blocking the action of an-
tibodies by cleaving and inactivating them (41). Another role
for proteases may involve protection against antimicrobial pep-
tides such as the neutrophil defensins and the platelet micro-
biocidal proteins. These peptides seem to play important roles
in host defense. Because these antimicrobial peptides are sub-
ject to proteolytic inactivation, the production of extracellular
proteases by the staphylococci may represent a bacterial de-
fense system (41). Since the arlR-arlS locus modifies extracel-
lular proteolytic activity, it is tempting to speculate that this
locus might be involved in the virulence of S. aureus. It is not
yet known whether ArlR acts directly on protease gene tran-
scription or through interactions with other genes. The mech-
anism of action of the two-component regulatory system on
proteases and other virulence factors will be further studied.

In conclusion, these data indicate that a new two-component
regulatory system, ArlS-ArlR, may control the rate of autolysis
as well as the attachment to a polymer by affecting the secreted
peptidoglycan hydrolase activity.
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