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Biofilms contribute to virulence of Staphylococcus aureus. Formation of biofilms is multifactorial, involving
polysaccharide, protein, and DNA components, which are controlled by various regulators. Here we report that
deletion of the rsp gene resulted in an increase in biofilm formation in strain MW2, suggesting that Rsp is a
repressor of biofilm formation. Using SDS-PAGE, we found that Rsp profoundly affected cell surface and
secreted proteins. The rsp gene was transcribed monocistronically, and the transcripts were most abundant at
the exponential growth phase. Microarray analyses revealed that Rsp represses 75 genes, including 9 genes
encoding cell wall-anchored proteins, and activates 22 genes, including 5 genes encoding secreted proteases.
Among these genes, fithA, fnbB, sasG, and spa (which encode cell wall-anchored proteins) and sp/ABCD (which
encode secreted proteases) have been implicated in biofilm formation. To deconvolute Rsp’s contribution to
biofilm formation, we analyzed deletion mutants of these genes either in the wild-type or in the rsp mutant
background. We found that fibA deletion in the rsp mutant restored biofilm formation to the wild-type level,
indicating that FnbA plays a major role in Rsp regulation of biofilm formation. Further studies revealed that
Rsp inhibited biofilm formation at the stage of primary attachment through repressing fnbA. Rsp belongs to
the AraC/XylS family of regulatory proteins. We expressed the putative Rsp DNA binding domain (Rsp”®P) in
Escherichia coli and showed that Rsp”®" was able to specifically bind to a short DNA fragment containing the

JnbA promoter, suggesting that Rsp represses fnb4 expression by direct DNA binding.

As a human pathogen, Staphylococcus aureus is capable of
forming biofilms that are critical for establishing infections
such as endocarditis, osteomyelitis, and indwelling device-re-
lated infections. Bacteria within a biofilm are difficult to erad-
icate, as they are protected from antibiotics and components of
the host immune system (7, 44). Biofilm forms in distinct steps,
including initial attachment, maturation, and detachment (42,
43). Studies have shown that polysaccharide intercellular ad-
hesin (PIA) is the major component affecting the maturation
of S. aureus biofilms (17). PIA is composed of poly-N-acetylg-
lucosamine (PNAG), whose synthesis requires 4 gene products
encoded in the icaADBC operon, which is repressed by the
IcaR repressor encoded upstream of the operon in opposite
orientation (8, 24). However, PIA-independent biofilm forma-
tion has been reported in various strains (2, 11, 40, 47, 55),
suggesting that biofilm formation in S. aureus does not depend
on one component. Indeed, recent studies have shown that
DNA and protein components also contribute to biofilm for-
mation in S. aureus (6, 9, 23, 37, 40, 46, 49, 56). In addition,
extracellular proteases have been indicated to affect biofilm
formation (4).

Several surface-anchored proteins have been shown to pro-
mote S. aureus biofilm formation, including fibronectin binding
proteins FnbA and FnbB (40), surface proteins SasC (49) and
SasG (6, 15), IgG-binding protein Spa (37), and biofilm-asso-
ciated protein Bap produced by bovine strains (9, 55). Inter-
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estingly, SasG-promoted biofilm formation required proteo-
Iytic cleavage of the SasG protein (15). In addition, secreted
proteins Emp and Eap have also been shown to be involved in
biofilm formation in association with PIA under low-iron con-
ditions (25).

Biofilm formation is subjected to complex regulation in S.
aureus. Several regulatory genes have been shown to affect
biofilm formation (38, 43). We have previously reported that
Rbf, a member of the AraC/XylS family of transcriptional
regulators, promotes biofilm formation in S. aureus by repress-
ing icaR expression (10, 32). Besides 7bf, the S. aureus chro-
mosome contains several additional genes that encode ho-
mologs of the AraC/XylS family of transcriptional regulators.
Here we report that one of these genes, MW2301, also regu-
lates biofilm formation in strain MW2 by affecting production
of surface proteins. Accordingly, we named this gene rsp.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains and plasmids
used in this study are listed in Table 1. S. aureus MW2, a community-acquired
methicillin-resistant S. aureus (CA-MRSA) strain originally isolated from a child
with fatal septicemia and septic arthritis (5), was provided by the Network on
Antimicrobial Resistance in S. aureus. S aureus strains were routinely cultivated
with tryptic soy broth (TSB) or tryptic soy agar (Difco Laboratories, Detroit, MI)
unless specified. S aureus RN4220 (28) was used as a recipient for electropora-
tion by the procedure of Kraemer and Iandolo (27). Phage 52A and 80a were
used for plasmid and chromosomal DNA transduction between S. aureus strains.
Escherichia coli strains DH5« and XL1-Blue were used for plasmid construction
and maintenance (48). E. coli was cultivated in Luria-Bertani broth or agar.
Antibiotics were added to the culture medium when necessary at final concen-
trations of 5 to 10 pg/ml for chloramphenicol, 10 pg/ml for erythromycin, and
100 pg/ml for penicillin.

Plasmid and strain construction. The pKORI1 system (1) was used to con-
struct the MW?2 rsp deletion mutant (CYL11710) as described before (34) using
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TABLE 1. Strains and plasmids

Reference

Strain or plasmid
or source

Relevant characteristic(s)

Bacterial strains

S. aureus
RN4220 Restriction-negative laboratory strain 28
MW2 Wild-type clinical isolate 5
CYL11710 MW?2 Arsp This study
CYL11801 MW?2 Arsp (pML3871) This study
CYL11804 MW?2 Arsp (pML100) This study
CYL11805 MW?2 (pML100) This study
CYL12228 MW?2 Arsp AfnbA This study
CYL12230 MW?2 Arsp AfubB This study
CYL12264 MW2 Arsp AfubA (pML100) This study
CYL12265 MW?2 Arsp AfnbA (pML12255) This study
CYL12266 MW2 Arsp AfubB (pML100) This study
CYL12267 MW?2 Arsp AfubB (pML12256) This study
CYL12278  MW?2 Aspl::erm This study
CYL12317 MW?2 Arsp AsasG This study
CYL12319  MW?2 AscpA This study
CYL12336 MW2 Arsp Aspa This study
E. coli
DH5a Host strain for plasmids Invitrogen
XL1-Blue  Host strain for plasmids Stratagene
SoluBL21 Host strain for recombinant protein ~ Genlantis
isolation
Plasmids
pLI50 E. coli-S. aureus shuttle vector 31
pKOR1 Vector for allele replacement 1
pML100 Shuttle vector, derived from pLIS0 This study
and pKORI1
pML3871 Rsp expression plasmid derived from  This study
pML100
pML12255 FnbA expression plasmid derived This study
from pML100
pML12256 FnbB expression plasmid derived This study
from pML100
pCL3972 Rsp DNA binding domain-expressing This study

plasmid

PCR primers MW2301-1, MW2301-2, MW2301-3, and MW2301-4. Similarly,
primers FnbAl, FnbA2, FnbA3, and FnbA4 were used in construction of the
fnbA deletion; primers FnbB1, FnbB2, FnbB3, and FnbB4 were used in con-
struction of the fnbB deletion; primers sasG-1, sasG-2, sasG-3, and sasG-4 were
used to construct the sasG deletion; primers scpA-1, scpA-2, scpA-3, and scpA-4
were used to construct the scpA4 deletion; primers spa-6, spa-7 spa-11, and spa-12
were used to construct the spa deletion. The mutations were confirmed by PCR
analyses. The primers are listed in Table 2. The sp/ deletion mutant, CYL12278,
was constructed by chromosomal transduction from KB600 (45), which carries
the Aspl::erm allele, to MW2 and verified by PCR.

Plasmid pML100 was constructed by replacing the 153-bp Clal-HindIII frag-
ment of pLI5S0 with the 1,015-bp Clal-HindIII fragment containing the pxyl/tetO
promoter from pKOR1. Plasmids pML3871, pML12255, and pML12256 carrying
the MW2 rsp, fubA, and fnbB genes, respectively, were constructed by PCR
amplification from MW2 chromosomal DNA using primer pairs MW2301-12/
MW2301-14, FnbA-6F/FnbA-7R, and FnbB-6F/FnbB-7R, respectively. Plasmid
pCL3972 was constructed by cloning the 314-bp DNA fragment (using primers
Rspl and Rsp2) encoding the 104-amino-acid (aa) Rsp DNA binding domain
into the Gateway Nova pET53-DEST expression system (Novagen, Madison,
WI), which resulted in 6 histidine residues at the N terminus. All clones were
validated by restriction mapping and sequencing of the inserts.

SDS-PAGE analysis of surface-associated and extracellular proteins. Over-
night S. aureus cultures were diluted (1:100) in 10 ml TSB with 10 pg/ml of
chloramphenicol and incubated at 37°C with shaking at 225 rpm until reaching an
optical density at 660 nm (ODjg) of ~1.7 (~4 h). The cultures were centrifuged
to separate the cell pellets and supernatants. Noncovalently bound cell surface-
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associated proteins were extracted as described previously (53) by resuspending
the pellets with 4% SDS (adjusted to an ODgg, of 100) at room temperature for
1 h followed by centrifugation to collect supernatants, and 30-pl samples were
analyzed by 10% SDS-PAGE as described previously (29). Extracellular proteins
were concentrated by precipitation of culture supernatants (1.35 ml) with cold
trichloroacetic acid (TCA) (final concentration of 10%), washed with cold eth-
anol, and analyzed by 10% SDS-PAGE. Protein bands were revealed by staining
the gel with Coomassie blue G-250.

Zymographic analysis. For profiling S. aureus autolysis, cultures were grown in
TSB for 3 h (ODgg of ~1.7) and harvested by centrifugation. Surface-associated
proteins were prepared with 4% SDS as described above. Culture supernatants
were filter sterilized and concentrated 40-fold with Amicon Ultra-4 concentra-
tors with a 5,000-molecular-weight cutoff (Millipore, Bedford, MA). A modified
method of Sugai et al. (53) was used for bacteriolytic enzyme profiling analysis.
Samples (20 pl) were mixed with 2X SDS sample buffer (final dithiothreitol
[DTT] concentration of 12.5 pM), incubated at room temperature for 30 min,
and loaded onto 10% SDS-PAGE gels containing heat-killed S. aureus RN4220
(about 2 mg per ml of gel solution). After electrophoresis, gels were first washed
3 times each with 250 ml deionized water for 30 min with slow shaking at room
temperature and then washed with 250 ml buffer A (50 mM Tris-HCI [pH 7.6],
200 mM NaCl, 5 mM CacCl,) at room temperature for 30 min. The gels were
incubated overnight with fresh buffer A at 37°C without shaking and then
scanned with dark background.

For profiling extracellular proteases, filter-sterilized cultural supernatants (16
h) were concentrated 90-fold with Amicon Ultra-4 concentrators. Twenty micro-
liters of concentrated samples was mixed with 2X SDS sample buffer as described
above. Samples were loaded onto 10% SDS-PAGE gels containing gelatin (1 mg
gelatin per ml of gel solution). After electrophoresis, gels were first washed twice
with renaturing buffer (2.5% Triton X-100) for 30 min, washed once with buffer
B (0.2 M Tris-Cl [pH 7.6], 5 mM CaCl,, 1 mM DTT), and then incubated
overnight with fresh buffer B at 37°C as described by Beenken et al. (3). Gels
were then washed with deionized water 3 times (5 min each) and stained with
Coomassie blue G-250. The clear bands on the blue background gels indicate
proteolytic activity.

Biofilm assay. Biofilm assays using microtiter plates were carried out in TSB
with 0.5% glucose and 1% NaCl using 96-well microtiter plates (Costar 3595;
Corning, NY) as previously described (34) with the following modifications. The
cultured microtiter plates were washed with sterile water after 24 h of incubation
at 37°C. Each sample was loaded to microtiter wells in quadruplicate, and each
experiment was repeated at least 3 times independently. Flow cell biofilm assays
were carried out with a three-channel flow cell apparatus (Stovall Life Sciences,
Inc., Greensboro, NC) as described previously (34). Two independent experi-
ments were performed.

Northern blot analysis. RNA was isolated as described by Groicher et al. (18)
with some modifications. Overnight S. aureus cultures were diluted in fresh TSB
to an ODgg of 0.05 and incubated at 37°C with shaking at 225 rpm to the desired
ODyg0- Cultures were then mixed with an equal volume of an ice-cold 1:1 mixture
of ethanol-acetone and kept at —20°C until all the samples were collected. Each
sample containing about 2 X 10° CFU was centrifuged; the cell pellet was washed
2 times with TNE buffer (50 mM Tris [pH 7.6], 150 mM NaCl, 5 mM EDTA) and
suspended in 50 wl of TNE buffer with 2.5 M NaCl. The cell walls were digested
with 0.8 g/l of lysostaphin at 37°C for 5 min and immediately lysed with 1 ml
RNAZzol-RT (Molecular Research Center, Inc., Cincinnati, OH) and isolated
according to the manufacturer’s instructions. In some cases, the MICROExpress
kit from Ambion (Austin, TX) was used to enrich mRNA from isolated total
RNA by removing the rRNA.

A 751-bp rsp-specific DNA probe was synthesized with the PCR Dig probe
synthesis kit using primers MW2301-14 and MW2301-15. RNA samples were
denatured and separated in a 2% formaldehyde-1% agarose gel. Northern hy-
bridization was carried out using Dig Easy Hyb (Roche Applied Science, Indi-
anapolis, IN) according to the manufacturer’s instructions. Hybridization was
carried out at 50°C overnight.

Microarray profiling. Overnight S. aureus cultures were diluted in fresh TSB
to an ODygg( of 0.05 and incubated at 37°C with shaking at 225 rpm until reaching
an ODgq of 1.9 to 2.0. The cultures were mixed with an equal volume of an
ice-cold 1:1 mixture of ethanol-acetone and kept frozen at —80°C. RNA was
isolated as described previously (33). Three RNA samples from each strain
prepared independently were used for microarray analysis as described previ-
ously (2). Data were analyzed using Gene-spring GX software version 7.3.1
(Agilent, Santa Clara, CA). Genes exhibiting =2-fold changes in expression,
which were statistically significant as determined by Student’s ¢ test (P = 0.05)
and detectable above background levels based on Affymetrix algorithms, were
considered to be differentially expressed under the conditions indicated. Confir-
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TABLE 2. Oligonucleotide primers used for plasmid and strain construction

Primer purpose and name Sequence
Plasmid and strain construction
MW230T-1 oo GGGGACAAGTTTGTACAAAAAAGCAGGCTGCGAATATTTTGTAACAGGGCTA
MW2301-2 .o ATCTTTACGACTCGCGGCCGCTTCGATTATATTTTCGCCGTGGTT
MW2301-3 GAAAATATAATCGAAGCGGCCGCGAGTCGTAAAGATAATAACTACCA
MW2301-4.. GGGGACCACTTTGTACAAGAAAGCTGGGTTCGATTTTGATAGGTGTATCTAATGA
MW2301-8 ..o GAATTCCACAAGAGGACTGTTAGTATTTAGC
MW2301-12 GGATCCCCATGTTTTACATTTAAATGATAGATTTC
MW2301-14.... AGATCGAAGTCAGCGTGCCAAAGT

MW2301-15....

AGCTAATGCCACCGCCATATCGTA
ACAAGGGTTTATGATGACTTGAATACAATTTATAGG
CGTACCTAAGATTGTTTTTCACTATAATATCTCCC
GGGGACAAGTTTGTACAAAAAAGCAGGCTGGTGCAGGTAGTGTGATTTTG
TCCGCCGAACAACATAGCGGCCGCCCGCTATTGTCTTGAGATTGTGTT
TCAAGACAATAGCGGGCGGCCGCTATGTTGTTCGGCGGATTATTCAGC
GGGGACCACTTTGTACAAGAAAGCTGGGTGATGGTTGCTCAGTTGATGTC
GTCGACGCATTTAAAGGGAGATATTATAGTGAAAAACAATCTTAGG
GAGCTCCAATGAAGCAATCAGAAAACACTCT
GGGGACAAGTTTGTACAAAAAAGCAGGCTTATGTTGTTCGGCGGATTATTCAGC
TCCGAACAGTATACCGCGGCCGCGATGGTTGCTCAGTTGATGTC
AACTGAGCAACCATCGCGGCCGCGGTATACTGTTCGGAGGATTG
GGGGACCACTTTGTACAAGAAAGCTGGGTCATACGTTCAATCGCATCTGTT

GTCGACTACATTTAAGGGAGAATATTATAGTGAAAAG
GAATTCGAACGCCTTCATAGTGTCATTAAGTATGTA
GGGGACAAGTTTGTACAAAAAAGCAGGCTGTGTTTATAGCTAGCACCACAAACT
CATTAATCCAGCAATTCCAATTATACTGTGAGCCAATTAAAATAGATGCTG
CAGCATCTATTTTAATTGGCTCACAGTATAATTGGAATTGCTGGATTAATG
GGGGACCACTTTGTACAAGAAAGCTGGGTCTATCGATTAACGCATTACTTGTTGCT
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCCACTTCTAACCATGCTTCATAG
GATGAATACCATTGATAATGGTCGCCATTGCTCAGCGTTTGCAATAGGGGTAACACT
AGTGTTACCCCTATTGCAAACGCTGAGCAATGGCGACCATTATCAATGGTATTCATC
GGGGACCACTTTGTACAAGAAAGCTGGGTCTGGACTAAAGGCATTCGTCGTAG

Real-time RT-PCR

TCTAGAGGATCCATACCCCCTGTATGTATTTGT
CCCGGGGATCCAAACAATACACAACGATAGA
GGGGACAAGTTTGTACAAAAAAGCAGGCTCATCAGCAAGAAAACACACT
GGGGACCACTTTGTACAAGAAAGCTGGGTCTGCCTTTGTATTAGTATGG
GGGGACAAGTTTGTACAAAAAAGCAGGCTTGTTCATAGACTGTGTAAACTATATTC
GGGGACCACTTTGTACAAGAAAGCTGGGTTTATTAAATCTTGGAAACGAGTGAACGGAAC

SGINbAF2 ... GAATATTTGCAAGGGTCAGATCAGGTTAATTTTAGAACTG

SGfnbAR?2..

CTGTGTGGTAATCAATGTCAAGCGGTGTATTG
GTAGAGGAAAGTGGGAGTTCAG
TGTGTTGATTGTGATGGTTGC
AAACACCTGTACTCGGCCGTTCTCAATCAG
ACTTACAATCGCTACGCCACCATCTTCTGC
TTGCACGTCGTGGTAAAGCA
AACTCTGCAACGGTCTTACC
CCGCAGCTAAGCCATTAGA
AGCGTTCACAGTGATTGCATA
GCCTTAAAGACGATCCTTCAGTGAGCAAAG
CCAGGTTTAACGACATGTACTCCGTTGC
GGAATCGGTGGCGACTTTGATCTAGCGAAA
CGCTCCATCCACATCGGCATCAGTCATAAT

mation of microarray data on selected genes by real-time reverse transcription-
PCR (RT-PCR) was carried out as described previously (33) using primer pairs
SGhlbl and SGhIb2, ureAl and ureA2, fnbBF1 and fnbBR1, SGmapl and
SGmap2, SGfnbAF2 and SGfnbAR?2, spaF2 and spaR2, and SGgyrB3 and
SGgyrB4 (Table 2).

Attachment assay. The primary attachment assay was performed as described
by Tchouaffi-Nana et al. (54) with some modifications. Overnight S. aureus
cultures were diluted with TSB to an ODyg of 0.05 and incubated at 37°C with
shaking at 225 rpm for 1.5 h (ODgg of ~0.35) or 2.5 h (ODgg of ~1.0). The
cultures were adjusted to an ODgg, of 0.05, 0.1, or 0.3 with TSB and loaded in
quadruplicate to 24-well microtiter plates (TPP 92024; Switzerland) at 400 pl per
well. The plates were incubated at different temperatures (37°C, 30°C, or 4°C) for
1 h for temperature-dependent studies or for different time periods (15, 30, or 60
min) at 37°C for time course studies. The plates were then washed 3 times with

sterile water, air dried, fixed with ethanol, and stained with 0.4% crystal violet as
described previously (34). The relative density of the crystal violet stain of the
adherent S. aureus was determined with AlphaView image analysis tool (Alpha
Innotech Corp.). Each sample was loaded to microtiter wells in quadruplicate,
and each experiment was repeated at least 3 times independently.

Purification of Rsp DNA binding domain fused to histidine tag. Expression of
histidine-tagged Rsp DNA binding domain was done in SoluBL21(pCL3972)
(Genlantis, San Diego, CA) grown in M9 medium containing 0.3% glycerol as
the carbon source, 100 pg/ml penicillin, and 1 mM IPTG (isopropyl-B-p-thioga-
lactopyranoside), for 20 h at 23°C. Bacterial cells were harvested by centrifuga-
tion, subjected to osmotic shock (35), and then stored at —80°C. The cells were
thawed, incubated with 400 wg/ml lysozyme (Sigma), and sonicated, and the
resulting lysate was clarified by centrifugation. At this stage, the majority of the
recombinant protein was found in the insoluble pellet. Soluble portion was
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FIG. 1. Effect of Rsp on S. aureus MW2 secreted (A) and nonco-
valent surface-associated (B) proteins. Plasmid pML3871 (i.e.,
pML100-rsp) was used for complementation of the Arsp mutation.
Cultures were grown in TSB with 10 wg per ml of chloramphenicol as
needed to an ODgg, of about 1.7. (A) TCA-precipitated culture su-
pernatants were applied to SDS-PAGE analysis. (B) Surface proteins
released with 4% SDS were applied to SDS-PAGE analysis.

purified from the clarified lysate by metal affinity chromatography using reagents
purchased from EMD Chemicals, San Diego, CA. Following chromatography,
the protein was dialyzed against buffer containing 25 mM Tris-Cl (pH 7.5), 10
mM NaCl, 1 mM EDTA, and 0.5 mM Tris(2-carboxyethyl)-phosphine (Sigma);
concentrated by packing the dialysis bag in Sephadex (Sigma); and then ali-
quoted and stored at —80°C. As a mock control, parallel preparations were done
using E. coli cells without rsp sequence.

Electrophoretic mobility shift assays (EMSAs). A 222-bp DNA fragment
containing the putative promoter region of fnb4 was generated by PCR ampli-
fication of MW2 DNA using the oligonucleotide primers FnbA5'1 and FnbA5'2.
The DNA fragment was end labeled with digoxigenin-dUTP using reagents
purchased from Roche Applied Sciences (Indianapolis, IN). Binding reactions
were performed in 20 pl of 20 mM HEPES (pH 7.6), 1 mM EDTA, 10 mM
ammonium sulfate,] mM DTT, 0.2% Tween 20, and 30 mM KClI containing 200
ng poly(dI-dC) and 0.7 ng of labeled DNA fragment. Reaction mixtures were
incubated for 15 min at room temperature and then electrophoresed through
6.0% polyacrylamide gels buffered with 1/2X Tris-buffered EDTA (TBE). The
DNA fragments were then electroblotted onto a nylon membrane (Applied
Biosystems, Austin, TX). The digoxigenin-labeled DNA was detected using re-
agents purchased from Roche Applied Sciences.

Statistical analysis. Data from the biofilm assay and attachment assay were
analyzed by the GraphPad Prism program (San Diego, CA) using a paired
Student ¢ test for comparing two samples.

RESULTS

Phenotypic characterization of rsp. The S. aureus genome
encodes 6 regulators containing the 99-residue consensus
DNA binding domain with two helix-turn-helix (HTH) motifs
that defines the AraC/XylS family of transcriptional regulators
(14). We have previously shown that one of these regulators,
Rbf, is involved in biofilm regulation by affecting PIA produc-
tion (10, 32). The biological functions of other S. aureus AraC-
like regulators have not been studied. The AraC family pro-
teins are involved in sugar metabolism, stress responses, and
pathogenesis (14). To further study AraC-like regulators in S.
aureus, we deleted the rsp gene (MW2301) from the MW2
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FIG. 2. Effect of Rsp on MW?2 biofilm formation. (A) Biofilm for-
mation was assayed in 96-well microtiter plates for MW2 (pML100)
and MW?2 Arsp mutant with pML100 or pML3871 (i.e., pML100-7sp).
Biofilm medium was supplemented with 5 ug per ml of chloramphen-
icol. The graph represents the average absorbance of the eluted crystal
violet-stained wells from 3 independent experiments. A representative
well stained with crystal violet of each strain is shown below the graph.
(B) Biofilm formation in flow cells. Selected pictures taken every 20
min are shown with specific time points indicated.

strain by allele replacement. To characterize the effect of the
mutation, we first employed SDS-PAGE analyses as a prelim-
inary indication of whether Rsp affects protein production. As
shown in Fig. 1A, the mutation in rps had a strong negative
effect on the production of extracellular proteins. This effect
could be complemented back to the wild-type phenotype with
a plasmid-borne rsp gene (pML3871), suggesting that the effect
is specific to the rsp gene. It should be noted here that no
inducer was needed for the complementation, suggesting that
the pxyl/tetO promoter is leaky. We then characterized surface-
associated proteins released by 4% SDS extraction. In the
wild-type MW?2 strain, many low-intensity surface-associated
protein bands with one highly prominent protein band at about
60 kDa (Fig. 1B) were detected. In the mutant strain, the gel
pattern was very different from that of the wild type (the
60-kDa protein is no longer dominant) and many new strong
bands were found. The mutant complemented with pML3871
showed almost the same pattern and intensity of the protein
bands as did the wild type. Finally, we compared the protein
profiles of total cell lysates between the wild-type and the
mutant strains and found no obvious difference (data not
shown). These results suggest that Rsp has a profound effect
on the expression of S. aureus surface-associated proteins and
extracellular proteins.

To study the biological effect of Rsp, we performed biofilm
assays using 96-well polystyrene microtiter plates. As shown in
Fig. 2A, we found that the rsp mutant produced more biofilm
than did the wild-type MW?2 and that the phenotype could be
complemented by pML3871. These data suggest that Rsp re-
presses biofilm formation in MW?2. To further demonstrate the
effect of Rsp on biofilm formation, we employed the flow cell
method. Under our experimental condition, wild-type strain
MW?2 started to form biofilm at 14.2 + 1.2 h and reached the
peak biofilm abundance at 23.7 = 0.5 h (Fig. 2B). Interestingly,
in the mutant strain, the effect of Arsp was biphasic. At the
beginning, a homogeneous thin film of bacteria formed and
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FIG. 3. Northern blot analysis of rsp transcription. (A) Total RNAs
were prepared from MW?2 cultures grown to different ODgqs as indi-
cated above the figure. Total RNA of 5 pg from each sample was
applied to the formaldehyde gel and hybridized with a specific rsp
(751-bp) probe. Ethidium bromide-stained ribosome bands are shown
below as the loading control. (B) Lane 1, 5 g of total RNA prepared
from MW2 with rRNA removed. Lane 2, 3 pg of total RNA from
MW?2. Lane 3, total RNA of 3 pg from MW2 Arsp. Cultures were
grown to an ODg, of 1.0.

peaked at 4.2 = (0.2 h. The film then quickly cleared at 5.6 =
0 h. The phenomenon was reproducible and was not detected
in the MW2 wild-type strain. Then at 18.2 = 0.2 h, the mutant
started to form biofilm, which reached a maximal amount of
biofilm comparable to that of the wild type at 26.8 = 0.7 h.
Taken together, the flow cell data suggest that Rsp may regu-
late biofilm under the flow condition at multiple stages, possi-
bly through multiple factors.

Northern hybridization analysis for rsp expression. To study
the expression of rsp in MW2, total RNAs were isolated from
both the wild-type and Arsp mutant strains and subjected to
Northern hybridization using an rsp-specific probe. As shown
in Fig. 3A, the probe hybridized to two transcripts, 2.9 kb and
1.5 kb, in the wild type. The rsp mRNA was detected from early
exponential phase at an ODy, of 0.25, was slightly reduced at
an ODyg, of 0.5, and then peaked at mid- to late-exponential-
phase growth at an ODg, of 1.0 to 2.0 and was markedly
reduced at stationary phase at an ODgg, of 3.0. When RNA
samples were prepared from 8-h and 16-h MW2 cultures
(ODggps of 3.7 and 4.0, respectively), rsp was not detectable by
Northern blotting (data not shown), indicating that rsp is
mainly expressed during exponential growth phase. The exper-
iments were repeated two times using independently isolated
RNA samples, and the results were reproducible. Because the
2.9-kb and 1.5-kb bands were very close to 23S and 16S rRNA
bands, it is possible that the bands could be due to nonspecific
hybridization with the rRNAs. Two lines of evidence were
obtained to rule out such a possibility. First, we included a Arsp
mutant and showed that there was no detectable band com-
pared to the wild-type strain (Fig. 3B). Second, we enriched
the mRNA by removing the rRNAs and showed that the 2.9-kb
and the 1.5-kb bands could still be detected by Northern blot-
ting (Fig. 3B). It should be noted here that the enrichment
process apparently resulted in some loss of rsp mRNA, as the
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intensity is weaker in lane 1 than in lane 2 of Fig. 3B, even
though more total RNA was used for the enrichment in lane 1.
The enrichment also altered the gel pattern, which could be
due to reduced interference from large quantities of rRNAs.
Since the coding region of the rsp gene is 2,106 nucleotides in
length, our results suggest that rsp is most likely transcribed as
a 2.9-kb monocistronic transcript. The 1.5-kb fragment de-
tected in the Northern blots may be the processing or degra-
dation product from the primary transcript.

Identification of Rsp-regulated genes by microarray. To un-
derstand how Rsp affects biofilm formation at the transcrip-
tional level, we employed microarray analysis to identify genes
differentially regulated by Rsp. Since the rsp gene was most
highly expressed in the mid- to late log phase, we harvested
RNA at an ODy, of about 2.0 from the wild-type MW2 and
the isogenic Arps mutant. We found that Rsp affected 22 genes
positively and 75 genes negatively by at least 2-fold (Tables 3
and 4). Of the 22 Rsp-upregulated genes, half (11 genes) en-
code secreted proteins, including 5 proteases and 2 cell sur-
face-associated proteins. Among the 75 downregulated genes,
17 are involved in metabolism, 12 are transporter genes, and 9
encode surface-anchored proteins. To confirm microarray re-
sults, we performed real-time RT-PCR on selected genes using
gyrB expression for normalization. The results (Fig. 4) matched
well with the microarray results.

Effect of Rsp on proteolytic activity and bacteriolytic activ-
ity. The microarray analyses above indicate that Rsp affects the
expression of several proteases. To confirm these results, we
concentrated culture supernatants and analyzed the effect of
rsp on S. aureus proteolytic activities using gelatin-containing
SDS-PAGE. As shown in Fig. 5A, the proteolytic activity in the
MW?2 Arsp strain decreased compared to that of the wild-type
strain. When casein was used as the substrate, we detected very
weak proteolytic activity in MW2 but not in the Arsp mutant
(data not shown).

It has been shown elsewhere that the activity of Atl murein
hydrolases could be modulated by extracellular proteases (21,
22, 41, 52). Furthermore, cell wall-associated Aaa autolysin
(20) is likely to be vulnerable to proteolytic cleavage. Since we
found that Rsp affected several proteases, we speculate that it
may also affect autolysin through proteases, although no auto-
lysin gene was found to be affected by Rsp in the microarray
experiments. Accordingly, we tested whether deletion of rsp
had an effect on bacteriolytic activity by using heat-killed S.
aureus RN4220 as a substrate. As shown in Fig. 5B, deletion of
rsp altered the autolysin zymographic pattern compared to that
of the wild type, suggesting that Rsp affects autolysins most
likely at the posttranscriptional level.

Regulation of biofim formation by Rsp through FnbA. S.
aureus possesses a total of 23 surface-anchored proteins (51),
which are collectively termed microbial surface components
recognizing adhesive matrix molecules (MSCRAMMs) (13).
The microarray analyses above (Table 4) showed that Rsp
affected 9 such proteins, of which FnbA, FnbB, Spa, and SasG
have been shown to promote biofilm formation (6, 15, 37, 40).
We therefore hypothesized that Rsp affects biofilm by repress-
ing one or more of these MSCRAMMs. To test this possibility,
we deleted fnbA, fubB, spa, and sasG individually from the
chromosome of the MW2 Arsp mutant and assayed their effect
on biofilm. The results in Fig. 6 showed that, in comparison to
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TABLE 3. Genes upregulated by rsp®

Open reading frame category Fold

and name change Gene Description
Secreted proteins
MW1755 6.7 splA Serine protease SplA
MW1754 9.0 splB Serine protease SplB
MW1753 6.0 splC Serine protease SplC
MW1752 6.0 splF Serine protease SplD, putative
MW1850 5.4 scpA Cysteine protease precursor SspB
MW1767 2.9 lukD Leukotoxin
MW1940 2.8 hib Phospholipase C
MWO0297 2.0 geh Glycerol ester hydrolase
MWO0345 2.3 Staphylococcal enterotoxin, putative
MWO0767 2.8 empBP Secretory extracellular matrix and plasma binding protein
MW1880 2.5 map Map protein, authentic frameshift
Regulation
MW2002 2.0 kdpD Sensor histidine kinase KdpD
MW2003 2.3 kdpE DNA binding response regulator KdpE
Metabolism
MW1675 2.7 fhs Formate-tetrahydrofolate ligase
MWO0070 3.6 ple 1-Phosphatidylinositol phosphodiesterase
Other
MW2536 2.3 nrdG Anaerobic ribonucleoside triphosphate reductase activating protein
MW1609 2.6 AbrB protein, putative
MWO0768 2.8 Hypothetical protein
MWO0758 2.6 Hypothetical protein
MW0906 3.7 Conserved hypothetical protein, similar to competence transcription factor
COL-SA1713 2.9 Hypothetical protein
MW1851 4.6 Hypothetical protein

“ Upregulation indicates an increased expression level in the wild type compared to the rsp deletion mutant.

biofilm formation in the MW2 Arsp mutant, the deletion of
fnbB or sasG had no significant effect whereas the deletion of
fnbA or spa resulted in a significant reduction. The fnbA dele-
tion reduced the biofilm formation of the Arsp mutant (P <
0.0001) to the level similar to that of the wild-type MW2 while
the spa deletion had only a slight effect, although the difference
was statistically significant (P = 0.0310). Importantly, the re-
duction of biofilm in the Arsp AfnbA double mutant could be
complemented by the wild-type fnbA gene, though the com-
plemented strain produced more biofilm than did the MW2
Arsp mutant, which was most likely due to a multicopy vector
effect. These results suggest that Rsp represses biofilm in MW2
primarily by downregulating the fnbA gene.

In the MW2 strain, the Spl proteases are encoded in the
splABCD operon. All spl genes were upregulated by Rsp in the
microarray analyses (Table 3). Spl proteases have been shown
to affect biofilm in strain SH1000 (30); therefore, it is possible
that Rsp could repress biofilm by activating the spl genes. To
test this possibility, we deleted the sp/ operon in MW2. Our
results (Fig. 6B) revealed that there was no effect of the sp/
deletion on biofilm formation. Besides the sp/ genes, scpA,
which encodes the cysteine protease staphopain A, was also
found to be activated by Rsp. However, deletion of scpA4 has no
effect on biofilm formation (Fig. 6B). These results suggest that
the Spl and ScpA proteases in MW2 do not play a critical role
in biofilm formation and therefore are not critical factors me-
diating biofilm formation regulated by Rsp.

Effect of Rsp on attachment. To determine whether Rsp
affects biofilm formation at the initial attachment step, we

compared the Arsp mutant and the wild type in primary at-
tachment assays. As shown in Fig. 7A, the mutant strain had
about a 3-fold increase in attachment when the cultures were
diluted to an ODgg, of 0.05, 0.1, or 0.3 from early-log-phase
cultures at an ODygg, of ~0.35 (Fig. 7A) or from mid-log-phase
cultures at an ODgg, of ~1.0 (data not shown). In addition,
the deletion of spa or fnbB had no significant effect whereas the
deletion of fubA reduced attachment of the Arsp mutant to a
level comparable to that of the wild type and deletion of sasG
had only a slight effect but one that is statistically significant
(P < 0.0001) (Fig. 7B). These results suggest that FnbA is the
major factor contributing to the increased level of primary
attachment in Arsp mutant. To further ensure that FnbA af-
fected biofilm formation at the primary attachment step, we
performed additional experiments with shorter incubation
times at 15 min and 30 min. The results (Fig. 7C) showed that
even with a 15-min incubation time, the Arsp AfnbA double
mutant had a significant reduction in attachment (P < 0.0001)
compared to that of the Arsp mutant. Complementation ex-
periments showed that the phenotype of the Arsp mutant could
be restored to that of the wild type by pML3871. In addition,
the phenotype of the Arsp AfnbA double mutant can be re-
stored by pML12255 to that of the Arsp mutant, though at the
60-min incubation time, MW2 Arsp AfnbA (pML12255) had a
higher attachment rate, which was likely due to a multiple-copy
vector effect. We also performed the experiments at lower
incubation temperatures. As shown in Fig. 7D, a significant
effect (P < 0.0001) was also observed when the incubation
temperature was at 30°C or 4°C. It should be noted here that



Vor. 193, 2011

BIOFILM REGULATION BY Rsp IN S. AUREUS 5237

TABLE 4. Genes downregulated by rsp®

Open reading frame

Fold

category and name change Gene Description
Surface protein

MWO0764 2.1 clfA Probably clumping factor A

MWw2421 32 fnbA Fibronectin binding protein A

MW2420 39 fnbB Fibronectin binding protein B

MW1037 4.0 Fibrinogen binding-related protein

MWO0517 39 sdrD Ser-Asp-rich fibrinogen-binding, bone sialoprotein-binding protein

MWO0518 3.8 sdrE SdrE protein

MW0084 2.3 spa Immunoglobulin G-binding protein A precursor

MW2416 2.9 sasG Cell wall surface anchor family protein

MW2575 2.3 Cell wall surface anchor family protein
Metabolism

MWw2444 2.4 ddh D-specific D-2-hydroxyacid dehydrogenase

MW2198 23 fdhD Formate dehydrogenase accessory protein FdhD

MW2443 3.0 fip NAD(P)H-flavin oxidoreductase

MWO0358 34 NAD(P)H-flavin oxidoreductase, putative

MW2541 2.6 gpxA Glutathione peroxidase

MW2594 2.1 hisH Imidazole glycerol phosphate synthase, glutamine amidotransferase subunit

MWO0415 3.1 metB Cystathionine gamma-synthase

MW0414 2.9 Cysteine synthase/cystathionine beta-synthase family protein

MW2206 4.8 ureA Urease, gamma subunit

MW2207 7.1 ureB Urease, beta subunit

MW2208 4.8 ureC Urease, alpha subunit

MW2212 3.1 ureD Urease accessory protein UreD

MW2209 4.2 ureE Urease accessory protein UreE

MW2210 2.9 urelF’ Urease accessory protein UreF

MW2211 2.7 ureG Urease accessory protein UreG

MW2157 2.0 plE Ribosomal protein L5

MW2154 2.1 plF Ribosomal protein L6
Regulation

MW0935 2.4 Transcriptional regulator, MarR family

MW2128 4.2 Transcriptional regulator, MerR family
Transporter

MW1236 2.4 opuD Osmoprotectant transporter, BCCT family

MW0528 3.7 proP Osmoprotectant proline transporter

MWO0114 2.6 Phosphonate ABC transporter, permease protein

MWO0115 22 Phosphonate ABC transporter, permease protein

MWO0147 4.1 ABC transporter, ATP-binding protein, authentic frameshift

MW0148 35 ABC transporter, permease protein

MW0253 4.3 ABC transporter, ATP-binding protein

MW2370 2.0 Amino acid ABC transporter, amino acid-binding protein

MW2261 39 ABC transporter, ATP-binding protein

MW0218 2.1 Phosphotransferase system, IIBC components

MW0958 22 Cobalt transport family protein

MW2374 23 Amino acid permease
Other functions

MW2333 4.1 fmhA FmhA protein, methicillin resistance protein

MWO0657 2.0 norA Multidrug resistance protein

MWO0760 2.5 sel Enterotoxin L

MWO0081 8.9 Antigen, 67 kDa

MW0748 3.1 Pathogenicity island protein

MW0924 2.3 Acetyltransferase, GNAT family

MW1425 2.8 DNA polymerase, bacteriophage type

MW2057 2.0 Peptidase, M20/M25/M40 family

MW2127 2.6 Oxidoreductase, aldo-/ketoreductase family
Unknown genes

MWO0145 2.1 Conserved hypothetical protein

MW0149 2.8 Conserved hypothetical protein

MW0254 4.0 Hypothetical protein

MWO0255 4.4 Hypothetical protein

MW0256 3.8 Hypothetical protein

MW0260 2.1 Hypothetical protein

Continued on following page
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Open reading frame

Description

Conserved hypothetical protein
Conserved hypothetical protein
Hypothetical protein

Hypothetical protein

Conserved hypothetical protein
Hypothetical protein

Hypothetical protein

Conserved hypothetical protein
Conserved hypothetical protein
Conserved hypothetical protein
Conserved hypothetical protein
Conserved hypothetical protein
Conserved hypothetical protein
Conserved hypothetical protein
Hypothetical protein

Conserved hypothetical protein
Conserved hypothetical protein

category and name change Gene
MWO0261 2.0
MW0262 2.1
MWO0264 2.5
MWO0265 25
MW0266 2.4
MW0267 24
COL-SA1165 2.8
MW1410 2.1
MW1405 23
MW1406 3.0
MW1408 2.1
MW1427 2.1
MW1969 2.5
MW2260 3.6
MW2263 23
MW2560 2.2
MW2573 2.1
MW2600 2.1

Hypothetical protein

¢ Downregulation indicates an increased expression level in the rsp mutant strain compared to the wild type.

deletion in splABCD or scpA had no effect on primary attach-
ment (data not shown).

Binding of Rsp DNA binding domain to FnbA promoter.
Rsp possesses two tandem HTH motifs in the predicted DNA
binding domain. To determine whether Rsp binds its target
gene through the DNA binding domain, we purified the puta-
tive Rsp DNA binding domain (Rsp®PP) fused to a His tag as
described in Materials and Methods. Initial attempts revealed
that the fusion protein is highly insoluble. However, upon
moving the plasmid to a strain designed to express low-solu-
bility recombinant proteins, we were able to purify a small
amount for EMSA experiments. As shown in Fig. 8, we found
that the Rsp®®P was able to bind the fnbA promoter region at
a concentration of 15 nM. The shifted band was competed out
with unlabeled DNA fragments of fnbA promoter in 50X ex-
cess. In addition, DNA fragments containing the agr promoter
region (containing both P, and P; promoters) or the icaA
promoter did not affect the binding, suggesting that the binding
to the fubA promoter is specific. Furthermore, mock-purified
protein preparation showed no shifted band (data not shown).

relative gene expression

67 hib ureA fnbB map fnbA spa

FIG. 4. Confirmation of microarray results of selected genes by
real-time RT-PCR. RNAs were isolated from MW2 and MW2 Arsp
mutant at an ODgg, of 2.0. Expression levels are expressed relative to
that of the wild type. Data represent the means with standard errors
from at least two independent experiments.

DISCUSSION

Regulation of biofilm formation in S. aureus is very complex
due in part to the fact that biofilm formation involves multiple
components, which include polysaccharide, proteins, and ex-
tracellular DNA. In this study, we found that an AraC/XylS
family regulator, Rsp, repressed biofilm formation. Our SDS-
PAGE analyses revealed that Rsp had a profound effect on cell
surface and secreted proteins in strain MW2, a community-
acquired methicillin-resistant strain. Subsequent microarray
analyses identified a number of genes encoding cell wall-an-
chored proteins that are repressed by Rsp, including FnbA,
FnbB, SasG, and Spa, which have been previously shown to
affect biofilm formation in S. aureus. By deleting individual

A
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FIG. 5. Zymographic analysis. (A) Effect of Rsp on proteolytic
activity of concentrated culture supernatants in 10% SDS-PAGE gels
containing gelatin. (B) Effect of Rsp on bacteriolytic activity of 4%
SDS-released surface proteins (left panel) and concentrated culture
supernatants (right panel) in 10% SDS-PAGE gels containing heat-
killed S. aureus RN4220.
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FIG. 6. Biofilm assay in 96-well microtiter plates. Graphs represent the average absorbance of the eluted crystal violet dye from the stained
wells, of which a representative well is shown below the graph. (A) Effect of AfnbA and AfnbB deletions on biofilm in the MW2 Arsp background.
Biofilm medium was supplemented with 5 pg/ml of chloramphenicol. Plasmids pML12255 and pML12256 carry MW2 finbA and fnbB genes in
PpML100, respectively. Error bars indicate standard errors from 4 independent experiments. Student ¢ test: MW2 Arsp (pML100) versus MW2 Arsp
AfnbA (pML100), P < 0.0001; MW2 Arsp (pML100) versus MW2 Arsp AfnbB (pML100), P = 0.8308. (B) Effect of Aspl and Ascp4 in MW2
background and effect of AsasG and Aspa in the MW2 Arsp background. Error bars indicate standard errors from 3 independent experiments.

Student ¢ test: MW2 Arsp versus MW2 Arsp Aspa, P = 0.031.

genes encoding the four proteins in the Arsp mutant back-
ground, we found that Rsp repressed biofilm formation pri-
marily by downregulating FnbA and, to a much lesser extent,
Spa. In addition, a number of genes encoding proteases were
upregulated by Rsp, which could have an impact on biofilm by
affecting cell surface and/or secreted proteins at the posttrans-
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FIG. 7. Attachment assay. Graphs represent average relative den-
sities of 3 independent experiments. (A) MW2 and Arsp mutant were
grown to early growth phase and adjusted to an ODg, of 0.05, 0.1, or
0.3 with TSB and incubated at 37°C for 1 h. (B) Effect of AfnbA, AfnbB,
AsasG, and Aspa on initial attachment in MW2 Arsp background.
Early-log-phase cultures were diluted to an ODyg, of 0.3 and incubated
at 37°C for 1 h. (C) Effect of incubation time on initial attachment.
Same culture conditions as in panel B but with 10 wg/ml chloramphen-
icol and with different incubation time periods as indicated. Comple-
mentation tests using pML3871 (i.e., pML100-rsp) and pML12255 (i.e.,
pML100-fnbA) are also included. (D) Effect of temperature on initial
attachment. Same culture conditions as in panel B but with lower
incubation temperatures as indicated.

lational level. However, deletion of these genes did not result
in a detectable difference in biofilm formation.

The FnbA protein is anchored on the staphylococcal cell
surface through the LPXTG motif and is capable of binding to
fibronectin, fibrinogen, and elastin (50). FnbA has been shown
to promote biofilm formation on polystyrene surfaces without
coating with host plasma in methicillin-resistant S. aureus
strains (39, 40), suggesting that binding to matrix proteins is
not required. Spa (protein A) is known for binding to the Fc
region of IgGs but can also bind to several host factors (12, 16,
19). FnbA and Spa have been shown to promote biofilm in the
cell accumulation phase (37, 39, 40). Thus, we were surprised
to find that Rsp affected biofilm formation at the initial attach-
ment phase through FnbA. Because of the discrepancy with
the earlier reports, we conducted additional experiments to
ensure that FnbA affected the attachment phase of biofilm
formation. We showed that the effect on attachment by FnbA
in the Arsp mutant could be detected even when the incubation

FIG. 8. Binding of Rsp DNA binding domain (Rsp”®P) to the finbA
promoter region. Electrophoretic mobility shift assays were performed
in the absence (lane 1) or presence (lanes 2 to 8) of Rsp®®P protein.
Lanes 2, 3, 4, and 5 contain 15, 30, 60, and 90 nM Rsp”®P, respectively.
Lane 6 contains 90 nM RspPBP and a 50 molar excess of the unlabeled
fnbA promoter fragment. Lanes 7 and 8 contain 90 nM Rsp”®P and a
50 molar excess of a nonspecific DNA fragment (lane 7, agr promoter
fragment; lane 8, ica4 promoter fragment).
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time was as short as 15 min or the temperature as low as 4°C
(Fig. 7C and D). Under these conditions, bacterial growth is
minimal and therefore attachment of the bacterial cells to
microtiter wells should not be affected by bacterial growth and
thus should reflect only the attachment capability. Based on
these results, we confirmed that FnbA was involved in medi-
ating initial attachment for biofilm formation. It is likely that
different procedures may lead to the discrepancy between our
present study and the earlier reports. It is also possible that
FnbA is highly expressed in the Arsp mutant so that the effect
on attachment could be readily observed in our study.

Our microarray data also showed that at least 5 other
LPXTG proteins were also repressed by Rsp (Table 4). These
surface proteins have not been shown to directly affect biofilm
in vitro. However, from their abilities to bind to various matrix
proteins, it is tempting to speculate that they are likely to
promote biofilm formation in vivo in which bacteria are in
contact with the extracellular matrix of the host tissue (13).
Rsp, therefore, could potentially be involved in biofilm forma-
tion in vivo through these LPXTG proteins that it regulates, a
topic which remains to be studied.

S. aureus produces several proteases, and some of these have
been shown to inhibit biofilm formation. Double deletion of
aur, which encodes metalloprotease aureolysin, and the spl
operon, which encodes Spl serine proteases, has been shown to
restore biofilm in sigB mutants, but the mechanism is unknown
(30). Recently, Marti et al. (36) have shown that deletion of aur
or sspA (which encodes V8 serine protease) in sigB deletion
strains promotes robust biofilm formation by targeting a sur-
face LPXTG protein, Bap. Indeed, degradation of FnbA,
FnbB, and Spa surface-anchored proteins by proteases has
been observed previously (26). In our microarray study, we
found that all 4 genes in the sp/ operon in MW2 were upregu-
lated by Rsp, raising the possibility that Rsp could repress
biofilm formation through activation of Spl proteases. How-
ever, deletion of the sp/ operon did not increase biofilm for-
mation in the wild-type MW2 background, indicating that Spl
serine proteases may not play a role in Rsp-mediated repres-
sion of biofilm formation in MW2. The scpA gene, which en-
codes a cysteine protease, staphopain A, was also activated by
Rsp. The role of ScpA in biofilm is unknown; however, our
results showed that deletion of scp4 in MW2 did not affect
initial attachment or overall biofilm formation.

It is interesting that the biofilm formed by the rsp mutant
exhibited two phases of bacterial growth in the flow cell, first
with a smooth thin film, which dispersed within a few hours,
and then later with robust biofilm formation in the chamber
(Fig. 2B). It is likely that the thin film in the first few hours is
due to the increased primary attachment phenotype of the
mutant. However, it is difficult to comprehend why the thin
biofilm dispersed after the initial attachment. It is also difficult
to understand why it took a longer time for the mutant to form
biofilm than the wild type did, especially considering that the
mutant produced more biofilm than the wild type did under a
static microtiter plate condition. Since Rsp affects many genes
as revealed by microarray analyses, it is possible that one or
more factors controlled by Rsp affect biofilm development in a
temporal fashion, which may be required to resist shear force
from the flow of the medium. It is also possible that differences
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in surface property between the microtiter plate and the flow
cell contribute to the difference.

A number of regulators, including two-component systems
and transcriptional regulators, have been shown to affect bio-
film formation in S. aureus (38, 43). We had previously re-
ported an AraC-like regulator, Rbf, which activates PIA pro-
duction via repressing IcaR (10). Rsp is one of the 6 AraC-like
regulators in S. aureus, which contains a DNA binding motif
similar to that of Rbf. It also shares a low degree of overall
protein homology with Rbf. However, we showed here that
Rsp regulated biofilm through repressing surface protein
FnbA at the primary attachment phase rather than affecting
PIA. AraC family proteins typically sense a ligand that affects
their regulatory activities. Our previous study suggests that
functional domains of Rbf may recognize signals in response to
concentration changes of NaCl and/or glucose (32). Rsp is a
large protein (701 aa) similar in size to Rbf (716 aa), and both
are much larger than most AraC family proteins, which are
about 250 to 300 aa (14). It is most likely that Rsp also re-
sponds to certain environmental cues. The large size of the
protein indicates that the protein may possess multiple do-
mains. Here, we showed that the predicted DNA binding do-
main containing two adjacent HTH motifs was indeed capable
of binding to the promoter of fnb4 by EMSA experiments,
suggesting that Rsp regulates its target genes by direct DNA
binding at the promoter region.
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