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dDepartment of Microbiology and Pathology, University of Nebraska Medical Center, Omaha, Nebraska, USA
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ABSTRACT We developed a new approach that couples Southwestern blotting and
mass spectrometry to discover proteins that bind extracellular DNA (eDNA) in bacte-
rial biofilms. Using Staphylococcus aureus as a model pathogen, we identified pro-
teins with known DNA-binding activity and uncovered a series of lipoproteins with
previously unrecognized DNA-binding activity. We demonstrated that expression of
these lipoproteins results in an eDNA-dependent biofilm enhancement. Additionally,
we found that while deletion of lipoproteins had a minimal impact on biofilm accu-
mulation, these lipoprotein mutations increased biofilm porosity, suggesting that li-
poproteins and their associated interactions contribute to biofilm structure. For one
of the lipoproteins, SaeP, we showed that the biofilm phenotype requires the lipo-
protein to be anchored to the outside of the cellular membrane, and we further
showed that increased SaeP expression correlates with more retention of high-
molecular-weight DNA on the bacterial cell surface. SaeP is a known auxiliary pro-
tein of the SaeRS system, and we also demonstrated that the levels of SaeP corre-
late with nuclease production, which can further impact biofilm development. It has
been reported that S. aureus biofilms are stabilized by positively charged cytoplas-
mic proteins that are released into the extracellular environment, where they make
favorable electrostatic interactions with the negatively charged cell surface and
eDNA. In this work we extend this electrostatic net model to include secreted eDNA-
binding proteins and membrane-attached lipoproteins that can function as anchor
points between eDNA in the biofilm matrix and the bacterial cell surface.

IMPORTANCE Many bacteria are capable of forming biofilms encased in a matrix of
self-produced extracellular polymeric substances (EPS) that protects them from che-
motherapies and the host defenses. As a result of these inherent resistance mecha-
nisms, bacterial biofilms are extremely difficult to eradicate and are associated with
chronic wounds, orthopedic and surgical wound infections, and invasive infections,
such as infective endocarditis and osteomyelitis. It is therefore important to under-
stand the nature of the interactions between the bacterial cell surface and EPS that
stabilize biofilms. Extracellular DNA (eDNA) has been recognized as an EPS constitu-
ent for many bacterial species and has been shown to be important in promoting
biofilm formation. Using Staphylococcus aureus biofilms, we show that membrane-
attached lipoproteins can interact with the eDNA in the biofilm matrix and promote
biofilm formation, which suggests that lipoproteins are potential targets for novel
therapies aimed at disrupting bacterial biofilms.

KEYWORDS MRSA, Southwestern blotting, Staphylococcus aureus, biofilms, eDNA,
extracellular DNA, nuclease
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The capacity to form a biofilm is of fundamental importance in the ability of bacteria
to cause chronic wounds, to infect indwelling medical devices, and to cause severe,

invasive diseases, such as osteomyelitis and endocarditis. The opportunistic pathogen
Staphylococcus aureus is particularly adept at forming biofilms, making it the most
commonly identified bacterial species in chronic wounds (1–3), the leading cause of
infective endocarditis (4, 5), the second most common causative agent in periprosthetic
orthopedic infections (6), and the most common cause of osteomyelitis (7). Once
attached to an implanted device or host tissue and growing within the extracellular
matrix (ECM) of a biofilm, S. aureus suppresses the host immune response (8, 9) and
becomes highly resistant to antibiotic chemotherapy (10), allowing for persistence
within the host. Given the recalcitrant nature of biofilm-associated infections, interven-
tions that target the biofilm matrix could offer therapeutic benefits (11). As such, the
exact nature of the biofilm matrix and the mechanisms by which individual bacteria
interact with and attach to matrix material are topics of recent interest.

The bacterial biofilm matrix, which typically accounts for 90% or more of the biofilm
dry weight, is crucial for maintaining hydration and the structural integrity of biofilms
(12, 13). Our understanding of what constitutes the ECM has evolved over decades,
such that it is now generally believed to consist of self-produced extracellular polymeric
substances (EPS) that fall within three primary categories: (i) exopolysaccharide, (ii)
extracellular and cell surface-associated proteins/adhesins, and (iii) extracellular DNA
(eDNA). The relative abundance of the macromolecules that fall within these three
classes of matrix constituents can vary depending on the bacterial species and the
conditions, such as the medium composition or shear stress (12, 13), under which the
biofilm was grown. In the case of S. aureus, our understanding of the contributions that
the classes of EPS components make to biofilm formation and maintenance is contin-
ually evolving, with the number and variety of macromolecules that fall within the
scope of EPS ever increasing.

The exopolysaccharide consisting of poly-b(1-6)-N-acetylglucosamine (PNAG), also
referred to as polysaccharide intercellular adhesin (PIA) (14, 15), was the first compo-
nent of S. aureus EPS to be identified. Recent atomic force microscopy studies (16)
indicate that positively charged PIA promotes cell-cell adhesion between S. aureus cells
via multivalent electrostatic interactions with polyanionic teichoic acids and lipo-
teichoic acids. Initially, PIA was thought to be essential for S. aureus biofilm formation,
but more recently, an increasing number of reports (reviewed in reference 14) have
demonstrated that biofilms can be made by strains lacking the ica locus, responsible for
PIA synthesis. The biofilms described in these reports are sensitive to proteases and
dependent on the presence of various cell wall-attached (CWA) proteins. Subsequently,
extensive and ongoing studies have shown that CWA proteins (reviewed in references
17 and 18) contribute to biofilm development by promoting the attachment of S.
aureus to host cells and tissues through specific interactions with host proteins, as well
as through self-association between individual cells.

Recent studies suggest that extracellular DNA (eDNA) may play a more significant
role than microbial surface components recognizing adhesive matrix molecules
(MSCRAMM) adhesin proteins when S. aureus forms biofilms on abiotic surfaces (19).
Using a microfluidic flow cell system, Moormeier and colleagues (19) found that mutant
strains that were deficient in the production of MSCRAMM proteins, including
fibronectin-binding proteins A and B (FnbA and FnbB) (20), extracellular matrix and
plasma binding protein (Empbp) (21), clumping factors A and B (ClfA and ClfB) (22, 23),
protein A (24), elastin-binding protein (EbpS) (25), Sas family proteins (26, 27), and
serine-aspartate repeat (Sdr) family proteins (28, 29), grew biofilms that were indistin-
guishable from those grown by the wild type (WT). Likewise, biofilm formation was
not altered in mutants deficient in PIA synthesis, consistent with the previous
finding that S. aureus strains of the USA300 lineage form an ica-independent biofilm
(30). In contrast, biofilm formation was reduced in the atlA mutant that lacks the
murine hydrolase AtlA, which had previously been shown to promote biofilm
formation by functioning as the autolysin responsible for the release of eDNA that
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incorporates into the matrix (31). Additionally, Moormeier et al. identified a new

phase of biofilm development, termed “exodus,” that is dependent on the SaeRS

regulatory system and staphylococcal nuclease (Nuc) activity, which again suggests

that eDNA plays a crucial role in early biofilm maturation (19, 32). It was also

observed that the addition of exogenous Nuc disrupted biofilm formation, but only

if exogenous nuclease was introduced during the exodus phase, raising the possi-

bility that eDNA may be protected from digestion by eDNA-binding proteins in

early developmental stages. Since deletion of MSCRAMM proteins failed to impact

biofilm development, the eDNA-binding proteins may belong to a protein class

other than the MSCRAMM proteins.

Recent reports from the Losick group suggest that recycled cytoplasmic proteins

may “moonlight” as biofilm matrix proteins that bind eDNA in the S. aureus biofilm (33,

34), potentially protecting the eDNA from digestion by Nuc or host DNase I. By

disrupting biofilms and suspending cells at various pHs, these cytoplasmic proteins

were found to be associated with the outside of cells through electrostatic interactions

(35). Treatment of biofilm cells with either proteinase K or DNase severely reduced the

ability of bacteria to form clumps, indicating that both proteins and eDNA contribute

to maintaining biofilm integrity (34). Importantly, addition of exogenous DNA to

DNase-treated cells, but not proteinase K-treated cells, restored clumping, highlighting

the importance of eDNA in forming interconnections between cells within the biofilm.

The authors proposed an electrostatic net model for the role of eDNA in biofilm

maintenance, in which negatively charged eDNA interacts with positively charged

cytoplasmic proteins released during cell autolysis. These cytoplasmic proteins in turn

interact with the negatively charged cell surface molecules, such as phospholipids and

teichoic acids. The model has recently been bolstered by a comprehensive mass

spectrophotometric analysis of the S. aureus intracellular, biofilm ECM, and biofilm

flowthrough proteomes (35), which found that the average pI of proteins within the

biofilm ECM was over pH 8 and significantly greater than the average pI of proteins

found in either the intracellular or flowthrough proteomes. Like the Losick group (33,

34), Graf and colleagues (35) found that the ECM contained cytoplasmic proteins in

abundance, but they also found that the ECM was highly populated with secreted

virulence factors and ribosomal proteins.

Here we report the results of a Southwestern (SW) blotting screen for eDNA-binding

proteins that complements and extends the electrostatic net model for S. aureus

biofilms. A combination of SW blotting and mass spectrometry (MS) approaches was

used to probe membranes for proteins with eDNA-binding activity. Proteins previously

known to possess DNA-binding activity (such as IsaB, Atl, and Eap) were identified, and

more importantly, previously unrecognized DNA-binding activity was discovered for a

number of membrane-associated proteins and membrane-anchored lipoproteins. We

also show that overexpression of identified eDNA-binding proteins results in increased

retention of surface eDNA, which correlates with enhanced biofilm biomass. For one of

the lipoproteins, SaeP, it was further demonstrated that the ability to enhance biofilm

formation was dependent on the protein being localized and attached to the extra-

cellular face of the cell membrane. Bioinformatic analysis identified additional lipopro-

teins with high pIs and potential DNA-binding activity, including lipoproteins belong-

ing to the conserved staphylococcal antigens (Csa) family. Importantly, deletion of the

Csa proteins increased the porosity of the biofilm, suggesting that membrane-attached

lipoproteins contribute to biofilm tortuosity. Collectively, our findings indicate that

eDNA-binding lipoproteins represent a previously unrecognized contributor to S. au-

reus biofilm formation by linking individual bacterial cells together through noncova-

lent cross-links with high-molecular-weight (high-MW) eDNA found within the matrix.

For SaeP, it was further demonstrated that the ability to enhance biofilm formation was

partly dependent on the inhibition of Nuc production, consistent with the role of SaeP

in modulating the activity of the SaeRS two-component system.
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RESULTS

Identification of potential eDNA-binding proteins. To better understand the
composition of the S. aureus biofilm matrix, we developed a screen based on South-
western (SW) blotting techniques, which are classically used to characterize protein-
DNA interactions. We adapted this technique to identify proteins isolated from the
biofilm matrix with nonspecific DNA-binding activity, as proteins with sequence-
specific DNA binding would be less likely to play a major biofilm structural role. To carry
out this experiment, the USA300 strain LAC was grown in planktonic and biofilm
cultures overnight (Fig. 1A). Cells were collected from these cultures and fractionated
to yield cellular membranes, since proteins associated with the membrane fraction
could potentially provide bridging interactions between the cell surface and matrix
components, such as eDNA. The cell membrane fraction was run on duplicate nonre-
ducing SDS-PAGE gels, and one gel was Coomassie stained for protein band visualiza-
tion (Fig. 1B, left). The remaining gel was treated with a Triton X-100-based buffer to
allow for protein refolding within the gel and then incubated with an IRD700-labeled
DNA probe (Fig. 1B, right). The gel images were then overlaid (Fig. 1B, center) to identify
bands on the Coomassie-stained gel with DNA-binding activity. The same procedure
was applied to the media from the planktonic and biofilm cultures (Fig. 1C) in order to
compare the results with those of membrane SW blotting, as we reasoned that the
media could potentially contain important eDNA-binding proteins. In total, 11 bands

FIG 1 SW blotting approach. (A) Schematic of the SW blotting experimental design. (B) SW analysis of membrane-associated proteins
prepared from planktonic and biofilm bacteria. The left panel, with red bands, is an image of the 700-nm scan of a Coomassie-stained
gel, and the far-right panel, with green bands, is an image of the 700-nm scan of a duplicate gel taken after the proteins were
renatured and the gel was probed with IRD700-labeled DNA. In the center panel, the IRD700-labeled DNA panel was overlaid on the
Coomassie-stained panel. Labels for the MW markers (in kilodaltons) are shown at the far left, and identification band numbers for the
bands that were excised and sent for MS analysis are shown at the far right. (C) SW analysis of soluble proteins in medium from
planktonic cultures and biofilms.
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(labeled bands 1 through 11 along the right edge of Fig. 1B and C) were excised and
sent for identification by MS analysis.

While the SW analysis utilized purified membranes, both the abbreviated (Table 1)
and complete (see Table S1 in the supplemental material) lists of the top protein
identifications returned by MS analysis included membrane proteins, cell wall-
associated proteins, secreted proteins, as well as cytoplasmic proteins, highlighting the
fact that it is not possible to completely resolve subcellular fractions from one another.
Presumably, the nonmembrane proteins that were identified are the ones with the
highest binding affinity for membrane components, which could include phospholip-
ids, membrane-attached or embedded proteins, and/or lipoteichoic acids, since these
proteins pelleted with membranes, while other proteins did not. Alternatively, the
nonmembrane proteins could have associated with eDNA, which in turn associated
with components of the membrane fraction. Of note, with the exception of band 6
(analysis failed to yield an identification), numerous proteins for each band were
identified as being present with 100% certainty. This presents a challenge in terms of
assigning responsibility for the IRD700-DNA bands to any particular protein or set of
proteins, which will be addressed in more detail below. Overall, there was very good
agreement between the list in Table S1 and the results of the proteome analysis
recently published by Graf et al. (35), as indicated by the positions of the proteins within
the rank order of abundance in the ECM. Of significance, the majority of the membrane
fraction proteins in the list were found by Graf et al. (35) to have high fold changes
when comparing their abundance in ECM relative to that in the biofilm flowthrough
(see the FC [fold change] ECM/FT [flowthrough] column in Table S1), meaning that once

TABLE 1 Representative hits from SW analysis screen

Protein source

and band ORF Name Location

Mol wt

(kDa) pI

Membrane
fraction

1 SAUSA300_1917 Eap, extracellular adherence protein Secreted membrane associated 65.7 9.9
1 SAUSA300_0955 AtlA amidase domain Surface, equatorial ring 60.8 9.6
1 SAUSA300_1193 Aerobic glycerol-3-

phosphate dehydrogenase
Cytoplasmic 62.4 7.0

2 SAUSA300_1790 PrsA peptidyl-prolyl cis-trans isomerase Membrane lipoprotein 35.6 9.0
2 SAUSA300_0618 ABC transporter, Mn/Zn transporter

substrate-binding protein
Membrane protein 34.7 8.7

2 SAUSA300_0419 Lpl lipoprotein Membrane lipoprotein 31.4 8.8
3 SAUSA300_2201 RplA, 50S ribosomal protein L1 Cytoplasmic/ribosome 30.1 10.7
4 SAUSA300_2142 Asp23 Cytoplasmic 20.3 8.2
4 SAUSA300_2187 RpsE, 30S ribosomal protein S5 Cytoplasmic/ribosome 17.7 9.9
4 SAUSA300_0079 CopL lipoprotein Membrane lipoprotein 20.1 9.0
5 SAUSA300_0605 SarA Cytoplasmic 14.7 8.1
5 SAUSA300_0693 SaeP Membrane lipoprotein 16.0 9.1
5 SAUSA300_2573 IsaB Cytoplasmic 19.4 9.7

Spent
medium

7 SAUSA300_0955 AtlA, full length Surface, equatorial ring 116.5 9.6
8 SAUSA300_0320 Geh, triacylglycerol lipase Secreted 72.2 9.0
8 SAUSA300_0955 AtlA amidase domain Surface equatorial ring 60.8 9.6
8 SAUSA300_2579 N-Acetylmuramoyl-L-

alanine amidase
Surface, equatorial ring 69.2 6.4

9 SAUSA300_0703 LtaS, SpsB-liberated domain Surface, equatorial ring 49.3 8.6
9 SAUSA300_0955 AtlA glucosaminidase domain Surface, equatorial ring 54.4 9.7
10 SAUSA300_1058 Hla, alpha-toxin Secreted 36.0 8.7
10 SAUSA300_1150 Elongation factor Ts Cytoplasmic 32.5 5.1
10 SAUSA300_0553 Elongation factor Tu Cytoplasmic 43.1 4.5
10 SAUSA300_0235 Lactate dehydrogenase Cytoplasmic 29.4 5.1
11 SAUSA300_1988 a-Toxin Secreted 3.0 8.7
11 SAUSA300_ PSM a4 Secreted 2.2 9.7
11 SAUSA300_1067 PSM b1 Secreted 4.5 4.9
11 SAUSA300_ PSM a1 Secreted 2.3 9.7
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they were outside the cells, these proteins tended to remain associated with the biofilm
rather than to be washed away in the flowthrough. Since the SW analysis-identified
proteins are potential DNA-binding proteins, it suggests that these proteins may
remain associated with the biofilm through interactions with eDNA. The list of proteins
in Table S1 is dominated by highly alkaline proteins, with 41 of the proteins having pIs
of 9 or greater and another 8 having pIs of between 8 and 9, meaning that roughly 70%
of the proteins in the list would be expected to carry a net positive charge at the acidic
pH that is typical of biofilms. It is therefore reasonable to expect them to make
favorable electrostatic interactions with negatively charged eDNA. Ribosomal proteins,
many of which are known to directly interact with rRNA and/or tRNA, are highly
represented, constituting roughly 30% of the list, in excellent agreement with the ECM
proteome characterized by Graf et al. (35). Four of the ribosomal proteins and an
additional two nonribosomal cytoplasmic proteins in the list (see the Foulston et al.
column in Table S1) were previously identified as being part of the biofilm matrix by the
studies that led to the development of the electrostatic net model (33, 34), indicating
that the proteins identified by the SW technique also corroborated approximately 20%
of the cytoplasmic proteins identified in this study. Importantly, a number of proteins
known to bind DNA were identified, including Atl (bands 1, 8, and 9) (36), SarA (band
5) (37), IsaB (band 5) (38), Eap (band 1) (39), and the phenol-soluble modulins (PSMs;
band 11) (40). Interestingly, in the case of PSMs, it was further shown that the binding
of PSMs to DNA protected the DNA from digestion by DNase (40), and in the case of
Eap, it was found that this protein can condense extended DNA strands (39), raising the
possibility that Eap might also afford protection from host DNase.

Confirmation of eDNA-binding proteins via Southwestern analysis. Given that

the MS analysis indicated the presence of multiple proteins within any given SW
blotting band, follow-up studies were required to determine which protein or proteins
possessed DNA-binding activity. These studies consisted of running SW analysis on a
strain containing a deletion of the target gene or a strain in which the target gene was
expressed at an elevated level from a plasmid, and in some cases, DNA-binding activity
was confirmed using purified protein in electromobility shift assays (EMSAs). The exact
combination of techniques utilized varied for each protein to be tested.

In the case of SW blotting band 1 (Table 1), MS analysis identified three potential
DNA-binding proteins: the amidase domain of AtlA, Eap, and aerobic glycerol-3-
phosphatre dehydrogenase. Since our MS results (Table S1) indicated a high abundance
for Eap, we reasoned that at least some of the IRD700-DNA fluorescence was due to
probe binding to Eap. However, since the amidase domain of AtlA is known to bind
DNA (36), it seemed unlikely that SW analysis of an ∆eap mutant of strain LAC would
work as a means of confirming DNA-binding activity for Eap. However, given that Eap
is known to be expressed at a very high level in strain Newman (41), we reasoned that
SW analysis of a knockout mutant would work in this genetic background. SW analysis
(Fig. 2A) was conducted using membranes prepared from the Newman wild-type, ∆eap,
and complemented ∆eap strains (42), and a labeled band was obvious at the appro-
priate molecular weight (MW) in the wild-type and complemented strain lanes, while it
was absent from the ∆eap mutant lane. This observation confirmed that Eap contrib-
utes, at least in part, to SW blotting band 1 seen in Fig. 1B. Subsequently, the
DNA-binding activity of Eap has been confirmed by others using EMSAs (39).

SW analyses of knockout mutants of strain LAC were also conducted to confirm the
potential DNA-binding proteins in bands 7, 8, and 10 (Table 1). In the case of alpha-
toxin (Hla) in SW analysis band 10, the labeled band was clearly absent (Fig. 2B) in the
SW analysis of medium from a planktonic culture of a ∆hla mutant (43), which is
consistent with reports that Hla is incorporated into S. aureus biofilms and binds eDNA
(44) and the identification of Hla within both the biofilm ECM and the flowthrough (35)
but skewed toward the flowthrough. In the cases of membranes prepared from a ∆atlA
mutant grown under biofilm conditions, SW analysis bands 7 and 8, it was not possible
to confirm the protein identity, owing primarily to the weak intensity of these bands in
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the wild-type SW analysis. The candidate eDNA-binding proteins in SW analysis bands
2, 3, 4, 5, and 9 were not amenable to validation of knockout mutants owing to the fact
that they (bands 2 through 5) contained at least one essential ribosomal protein (45) or
the candidate protein itself is essential, as was the case for LtaS (band 9). Since band
5 contains two proteins, SarA and IsaB, that are already known to bind DNA, an
alternative SW analysis approach was used to confirm the DNA-binding activity of the
third candidate identified in this band, the SaeP lipoprotein. SaeP was expressed in an
saePQRS deletion mutant (46) under the control of a xylose-inducible promoter on
plasmid pEPSA5 (45). As shown in Fig. 2C, there was a new labeled band in the
xylose-induced lane that was absent in both the sae mutant and uninduced lanes,
consistent with SaeP-binding DNA.

SW analysis-identified lipoproteins bind DNA.With the identification of SaeP and

other lipoproteins in the SW analysis screen, EMSAs were used to directly test the DNA

FIG 2 Confirmation of SW band identifications. (A) SW analysis of membranes prepared from planktonic
cultures of the Newman WT, ∆eapmutant, and complemented (Comp) ∆eapmutant strains. The position
of the Eap band is indicated by the arrow at the far right. (B) SW analysis of medium from planktonic
cultures of the LAC WT and ∆hla mutant strains. The position of the Hla band is indicated by the arrow
at the far right. (C) SW analysis of membranes prepared from biofilms of the ∆sae mutant of LAC and the
∆saemutant of LAC containing pEPSA5 expressing saeP. When expression of saeP is induced with xylose,
a new band (indicated by the arrow at the far right) corresponding to SaeP is evident in both the
Coomassie-stained and IRD700-labeled-DNA-probed gel. The numbers to the left of the gels are MW (in
kilodaltons).
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binding of four purified lipoproteins. These included SaeP and 0079, which has recently
been identified to be copper-binding protein CopL (47), from the SW analysis screen
(Table 1), and two lipoproteins chosen at random, open reading frame (ORF) 0100,
which belongs to the same protein family as 0419 identified in the SW analysis screen
(see “Bioinformatics analysis and perspectives of potential eDNA-binding proteins”
below), and DsbA, a known thiol-disulfide oxidoreductase protein which was included
as a control (48). Soluble, His-tagged versions of all four lipoproteins lacking the
secretion leader were cloned, overexpressed in Escherichia coli, and purified to homo-
geneity by Ni-affinity chromatography (Fig. 3A). When initial EMSAs were run using
low-percentage polyacrylamide gels, the IRD700-labeled double-stranded DNA
(dsDNA) probe failed to migrate out of the wells in lanes containing protein (data not
shown). This observation suggests that high-MW protein-DNA complexes formed as a
result of nonspecific binding to the probe. In order to resolve the high-MW complexes
and to determine whether electrostatic interactions drive nonspecific binding to the
DNA, the proteins were dialyzed into buffer systems of various pHs (pH 9.6, 8.0, and 6.5)
and agarose gels were used in place of polyacrylamide gels (Fig. 3B to D). The
subsequent EMSAs clearly indicated that all four lipoproteins bound the dsDNA probe
with affinities that were in part dependent on the overall net charges of the proteins.
At pH 9.6, all four proteins are expected to carry net negative charges, given the pIs of
9.2, 9.0, 7.7, and 9.2 for SaeP, 0079, 0100, and DsbA, respectively, and very little shifting
of the probe was observed (Fig. 3B). At pH 8.0, the predicted protein net charges
ranged from 21 to 17, and both SaeP and DsbA showed pronounced binding (Fig. 3C),
while 0100 showed some binding and 0079 did not bind at all. At pH 6.5, the proteins
were quite positively charged, with net charges ranging from 14 to 114, and each of
the four showed nearly complete probe binding (Fig. 3D). Based on the apparent
relationship between the net protein charge and affinity for DNA, all of the proteins

FIG 3 DNA-binding activity of purified lipoproteins SaeP, 0079 (CopL), 0100, and DsbA. (A) SDS-PAGE of Ni-affinity chromatography-
purified His-tagged lipoproteins that were cloned in pET28a and expressed in E. coli. The numbers to the left of the gel are MW (in
kilodaltons). (B to D) EMSAs run at pH 9.6 (B), pH 8.0 (C), and pH 6.7 (D), using ethanolamine-Capso, Tris-acetate, and bis-Tris–Aces
pKa-matched buffer systems, respectively. For each protein, a serial 2-fold dilution series (20 to 2.5 mM or 40 to 2.5 mM) was combined with
a 259-bp, IRD700-labeled DNA probe at a final concentration of 5 nM, and the mixture was incubated for 30 min at room temperature and
then electrophoresed on 1% agarose gels that had been cast with the appropriate pKa-matched buffer. Following electrophoresis, gels
were scanned using the 700-nm channel on an Odyssey CLx imager (LI-COR, Omaha, NE) and visualized using Image Studio software.
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should have even higher affinities for DNA at the acidic pHs associated with S. aureus

biofilm formation (20).
Contribution of lipoproteins to S. aureus biofilm formation. Considering the

identification of the SaeP lipoprotein in the SW analysis screen (Fig. 2C and Table 1), the
confirmation of its DNA-binding activity by EMSA (Fig. 3), and the connection between
Sae regulation and biofilm formation (49, 50), we became interested in determining the
contribution of SaeP to S. aureus biofilm development. A markerless knockout of saeP
was constructed in the USA300 LAC strain and engineered in a way as to not impact the
expression of the saeQRS transcript. Growth curves revealed no changes in growth for
the ∆saeP mutant (Fig. S1A), and, surprisingly, microtiter assays showed no change in
biofilm formation in the ∆saeP mutant from that in the WT (Fig. S1B). If SaeP promotes
biofilm formation through interactions with eDNA in the biofilm matrix, then failure of
the ∆saeP mutation to impact biofilm formation may be due the presence of lipopro-
teins with redundant DNA-binding activity. Given this, we decided to pursue an
alternative strategy and investigate whether increasing the expression level of SaeP
could impact biofilm formation. Since the SW and EMSA analyses identified additional
lipoproteins with DNA-binding activity, we chose to examine multiple lipoproteins at
the same time.

For initial testing, the four lipoproteins with EMSA-confirmed DNA-binding activity
(SaeP, 0079 [CopL], 0100, and DsbA) and three others with various pIs (USA300 ORFs
0175 with a pI of 8.7, 1436 with a pI of 6.2, and 1478 with a pI of 6.8) were chosen from
the chromosome for comparison. Each lipoprotein was cloned into pEPSA5 to allow
xylose induction and then expressed at various levels in USA300 strain LAC. As shown
in Fig. 4A, a number of the lipoproteins had a significant impact on S. aureus biofilm
formation compared to the effect of the empty-vector control. Notably, SaeP and 0079
(CopL), as well as 0100, all dramatically enhanced the biofilm formation capacity, even
at lower xylose levels. 1478 also dramatically enhanced the biofilm formation capacity
at high xylose levels but had a more modest enhancement at lower xylose levels.
Likewise, DsbA enhanced biofilm formation only at high levels of xylose. Similarly, 0175
exhibited a very small increase in biofilm formation only at the higher xylose concen-
trations, and 1436, the protein with the lowest pI, had no impact on biofilm formation.

As a further measure of the impact of overexpressing the lipoproteins upon biofilm
formation, two of the strains overexpressing the lipoproteins SaeP and DsbA were
grown in flow cells. Consistent with the results of the microtiter plate biofilm assays,
biofilm enhancement was also observed when SaeP was expressed under flow condi-
tions (Fig. 4B), where the basal expression of SaeP expression from the pEPSA5 vector
resulted in an increase in the average biomass compared to that for the empty-vector
control (51.90 versus 22.61 mm3/mm2), and an intermediate level of biofilm formation
was observed with DsbA. The finding that multiple lipoproteins with confirmed DNA-
binding activity can dramatically enhance biofilm formation suggests that under nor-
mal growth conditions, multiple lipoproteins, including some yet to be identified or
tested, may contribute to biofilm stability by cross-linking noncovalently with eDNA in
the biofilm matrix.

Evaluating the impact of SaeP localization on biofilm enhancement. As shown

above, SaeP and other lipoproteins identified in the SW analysis screen (Table 1) bind
DNA (Fig. 3B to D) and enhance biofilm formation (Fig. 4A and B), suggesting that they
may represent an extension of the electrostatic net model of S. aureus biofilm forma-
tion. In this regard, the noncovalent, electrostatic interactions between lipoproteins
and the high-MW eDNA might function as direct cross-links between the bacterial
surface and the biofilm matrix, thus promoting bacterial aggregation as well as biofilm
formation and stabilization. If the lipoproteins function through this mechanism, then
the enhancement should be dependent upon proper anchoring to the membrane, the
accessibility of the DNA-binding domain, and the presence of eDNA.

We first investigated the impact of SaeP localization on enhancement of biofilm
formation. Previous work showed that SaeP can be detected in the spent medium
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of an lgt mutant (51), supporting its assignment as a lipoprotein. To verify that SaeP
is exposed to the extracellular environment, we used the substituted cysteine
accessibility method (SCAM) (52), which relies on a thiol-reactive reagent, N-(3-
maleimidylpropionyl)biocytin (MPB), to attach biotin to cysteine side chains. Since MPB
does not penetrate S. aureus, only cysteines on the outside of the cell are labeled,
unless the bacteria are pretreated with lysostaphin, in which case intracellular cysteines
also are labeled. Application of SCAM requires that the protein being analyzed contain
only one reactive cysteine; hence, the method often requires that cysteine residues be
added or removed from the protein through site-directed mutagenesis. However, given
that SaeP contains only two cysteine residues, C21 and C133, C133 should be the only
reactive cysteine in the mature lipoprotein, since C21 is the site of lipidation. Therefore,
it was possible to conduct the SCAM analysis without modifying the native SaeP amino
acid sequence. When S. aureus cells expressing SaeP (with a C-terminal T7 tag) were
reacted with MPB, biotin-labeled C133 was detected in both the presence and the
absence of lysostaphin pretreatment, indicating that C133 is exposed to the extracel-
lular environment and that the domain is accessible (Fig. 4C). Interestingly, pretreat-
ment with lysostaphin revealed three discrete bands labeled with MPB (streptavidin
[Strep]-horseradish peroxidase [HRP] gel) migrating very close together, suggesting
that the pre-SaeP, pro-SaeP, and mature SaeP forms were labeled, while the absence of

FIG 4 Impact of lipoprotein expression and localization on S. aureus biofilm development. (A) LAC strains were constructed with the
pEPSA5 empty vector (EV) or various lipoproteins. Biofilms were grown in 48-well plates in TSB plus 0.4% glucose and xylose at a range
of concentrations (0 to 0.6%) to induce protein expression. Error bars are the standard deviation for 12 wells (three experiments with
four wells per lipoprotein). Statistics for two-way analysis of variance are P values. **, P # 0.005; ***, P # 0.0005; ****, P # 0.00005. (B)
Confocal microscope images of flow cell biofilms for the strain with the empty vector (left), SaeP-expressing strains (center), and
DsbA-expressing strains (right). Biofilms were grown for 2.5 days in 2% TSB supplemented with 0.2% glucose, 1 mg/ml of chloram-
phenicol, and 0.1% xylose. (C) SCAM analysis of native SaeP in strain LAC shows that cysteine residue C133 is modified without
lysostaphin pretreatment, indicating that SaeP is located on the cell surface. Protein expression was evaluated by T7 immunoblotting,
while cysteine labeling was analyzed using Strep-HRP. (D) Western blot analyses performed with whole-cell lysates and bacterial
supernatants of LAC expressing WT SaeP-T7 or the C21A mutant of SaeP-T7 show that the WT protein is associated with cells, whereas
the C21A mutant is found in the supernatant, confirming that the C21A mutant is no longer a lipoprotein. (E) Biofilm assays, performed
as described in the legend to panel A, of WT and C21A mutation-expressing strains (compared to strains expressing DsbA as a control)
show that the mutant no longer supports enhanced biofilm accumulation. Error bars are the standard deviation for three replicate
wells. Statistics for two-way analysis of variance are P values. ****, P # 0.00005.
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lysostaphin pretreatment showed MPB labeling of only the fastest-migrating species,

corresponding to the mature form of SaeP (53). MPB labeling of SaeP did not occur

when C133 was mutated to an alanine, confirming that C133 is the reactive cysteine in

SaeP.

In order to test whether anchoring of SaeP to the cellular membrane is necessary for

biofilm enhancement, we generated a construct that eliminated the lipidation site

(C21A). The C21A mutant was detected in culture supernatants, and very little was

found in whole cells (Fig. 4D), suggesting that the C21A mutant is secreted and no

longer a lipoprotein. Conversely, WT SaeP was detected predominantly in whole cells,

as would be expected for a lipoprotein. Importantly, when the microtiter plate biofilm

assay was repeated with various levels of WT SaeP or C21A mutant expression (com-

pared to the level of expression of the DsbA control), WT SaeP caused a dramatic

enhancement of biofilm formation, as expected, while the C21A mutant showed no

increase in biofilm formation (Fig. 4E), indicating that membrane anchoring and surface

localization are required for enhanced biofilm formation. As a final localization exper-

iment, SaeP was purified by affinity chromatography and added directly to LAC biofilms

at the time of culture inoculation. Over a wide range of SaeP concentrations, no

changes in biofilm formation were evident (Fig. S2). Taken together, these results show

that SaeP must be tethered to the S. aureusmembrane surface on the extracellular face

to mediate an increase in biofilm formation.

SaeP enhances biofilm capacity in an eDNA-dependent manner. Considering the

results presented above, we predicted that the SaeP-based biofilm enhancement would

be mediated through interactions with eDNA. We tested this prediction using an atlA

mutant, which has reduced autolysis and eDNA levels (54). Expression of saeP in the

atlA mutant failed to enhance biofilm formation and resulted in a biofilm profile similar

to that of the empty-vector control (Fig. 5A), suggesting a dependence on eDNA. To

determine whether eDNA levels were altered by the presence of SaeP, biofilm matrix-

associated eDNA was isolated from WT LAC cultures expressing SaeP. Substantially

more high-MW eDNA than was observed for the empty-vector control was detected in

the matrix at increased levels of SaeP expression (Fig. 5B); the empty-vector control had

only a small amount of low-MW (,100-bp) DNA (Fig. 5B).

Since the presence of SaeP results in biofilms with higher eDNA levels, we predicted

that the SaeP-dependent enhancement of biofilm formation should be sensitive to the

presence of a nuclease. To test this prediction, a dilution series of purified S. aureus

nuclease (Nuc) was added at the time of inoculation to cultures in which SaeP was

expressed at high levels by xylose induction. At added Nuc concentrations of 6.5 U/ml

and above, there was a significant, dose-dependent decrease in biofilm formation

(Fig. 5C), further demonstrating the importance of eDNA to the SaeP-dependent biofilm

enhancement.

Contribution of lipoproteins to S. aureus biofilm structure. Our collective results

indicated that different membrane-attached lipoproteins likely contribute to the sta-

bility of S. aureus biofilms, suggesting that deletion of any one lipoprotein would not

have a measurable impact on the amount of biofilm biomass. This was supported by

our findings with the saeP mutant (Fig. S1B). Nevertheless, we reasoned that if a

sufficient number of lipoproteins were inactivated, then the ability of S. aureus to form

biofilms or the structure of the biofilm itself could be impacted. In this regard, the

lipoproteins belonging to the conserved staphylococcal antigens (Csa) family presented

a unique opportunity to test this hypothesis. As described in “Bioinformatics analysis

and perspectives of potential eDNA-binding proteins” below, the Csa family in S. aureus

USA300 strains consists of 14 highly homologous lipoproteins that are distributed

within four distinct loci on the chromosome, and some of these lipoproteins, such as

SAUSA300_0419, were identified in the SW analysis screen (Table 1). We tested the

contribution of Csa lipoproteins to the biofilm structure by making serial deletions on

the USA300 chromosome: ∆locus I and ∆lpl (also called locus III) single mutants, a ∆locus
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I ∆lpl double mutant, and a ∆locus I ∆lpl ∆locus IV triple mutant. The USA300 chromo-
some does not contain locus II.

Since it has been shown that sub-MICs of b-lactam antibiotics cause S. aureus to
form thicker eDNA-dependent biofilms (55, 56), we used this protocol to initially assess
biofilm formation by the ∆csa mutants. However, none of the ∆csa locus mutants
showed a reduced biofilm formation capacity in this assay (Fig. 6A). Since S. aureus

biofilms grown in the presence of sub-MICs were also found to be less porous than
biofilms grown without antibiotic (55), we decided to test whether biofilm porosity was
impacted in the ∆csa mutants. For this approach, we measured the movement of
various-molecular-weight fluorescein isothiocyanate (FITC)-dextrans and proteins
through biofilms that were grown on ultrafiltration membrane filters (Fig. 6A). Previous
studies demonstrated that convection through biofilms grown on ultrafiltration mem-
branes was impacted by the polysaccharides and/or eDNA in the biofilm (55, 57).
Biofilms were grown on 96-well filter plates containing polyvinylidene difluoride (PVDF)
membranes with 0.45-mm pores. After 24 h of static incubation at 37°C, culture super-
natants were removed from the plates by aspiration and replaced with buffer contain-
ing FITC-dextran of a particular molecular weight (either 4,000 [4K], 10K, 70K, or 150K
at 1 mg/ml) or a mixture of proteins of different molecular weights (bovine serum
albumin [BSA] at 66 kDa, Saccharomyces cerevisiae yeast alcohol dehydrogenase [ADH]

FIG 5 SaeP-induced biofilm enhancement is dependent on eDNA. (A) SaeP was expressed from pEPSA5 in an atlA mutant
under biofilm-forming conditions using a range of xylose concentrations (0 to 0.6%) to induce protein expression. Error
bars are the standard deviation for three replicate wells. (B) SaeP expression results in the accumulation of eDNA in the
biofilm matrix. Static biofilms expressing either SaeP or DsbA were grown in TSB supplemented with 0.4% glucose and
xylose at the indicated concentrations. eDNA isolated from the biofilm matrix was run on agarose gels. The numbers to
the left of the gel are MW (in kilodaltons). (C) Biofilm enhancement of LAC expressing WT SaeP at 0.6% xylose is reduced
when purified Nuc is added at time zero. Statistics for two-way analysis of variance are P values. *, P # 0.05; **, P # 0.005;
***, P # 0.0005; ****, P # 0.00005.
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at 150 kDa, and b-amylase at 200 kDa). Filter plates were then subjected to a brief,
low-speed centrifugation, and the concentrations of the FITC-dextran and proteins in
the flowthrough were determined by fluorescence or densitometry of the SDS-PAGE
gels, respectively.

As shown in Fig. 6B, serial deletion of the Csa lipoproteins resulted in an increased
flowthrough of FITC-dextrans. Of note, as progressively more Csa loci were deleted,
there was a trend toward increased passage for each FITC-dextran. However, the point
at which a statistically significant increase in FITC-dextran flowthrough was observed
was dependent on the number of Csa loci deleted. For the smallest 4K FITC-dextran,
there was no significant increase in flowthrough until all three USA300 Csa loci were

FIG 6 Lipoprotein mutants show increased biofilm porosity. (A) Biofilm biomass for Csa knockout mutants measured by
crystal violet staining and expressed as a fraction of the WT biomass. Values are averages from either two or three
experiments (.45 wells per strain tested). (B) Concentrations of different-molecular-weight FITC-dextrans in the flow-
through of filter-grown biofilms (12 wells per experiment). Concentrations are expressed as the fraction of the FITC-dextran
concentration in the flowthrough of wells containing sterile medium (i.e., no-biofilm control wells). Statistics for two-way
analysis of variance are P values. *, P # 0.05; **, P # 0.005; ***, P # 0.0005. (C) Protein band intensities from SDS-PAGE of
the filter-grown biofilm flowthrough, expressed as the fraction of the intensity for the corresponding band in the protein
loading solution. Values are the averages from two experiments with .14 wells per strain tested (except that 3 wells were
used for the triple mutant). Statistics for two-way analysis of variance are P values. *, P # 0.05; **, P # 0.005. (D) Biofilm
biomass for the WT and CopL mutant measured by crystal violet staining and expressed as a fraction of the WT biomass.
Values are averages from two experiments with .40 wells per strain tested. Statistics for one-way analysis of variance are
P values. *, P # 0.05; **, P # 0.005. (E) Concentrations of different-molecular-weight FITC-dextrans in the flowthrough of
filter-grown biofilms. Concentrations are expressed as the fraction of the FITC-dextran concentration in the flowthrough
of wells containing sterile medium. Values are the averages from two experiments with 12 wells per strain per experiment.
Statistics for two-way analysis of variance are P values. **, P # 0.005.
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deleted. For the 10K FITC-dextran, there was a significant increase in flowthrough in
both the triple and double deletion mutants, and for the 70K and 150K FITC-dextrans,
there were significant increases in flowthrough for all the deletion mutants. This trend
is consistent with the loss of interactions between the Csa lipoproteins on the bacterial
cell surface and eDNA leading to larger pores and channels within the biofilm and,
consequently, easier passage of the higher-molecular-weight FITC-dextrans through
the biofilm. Importantly, the flowthrough of proteins (Fig. 6C) showed similar relation-
ships between the number of loci deleted, the solute molecular weight, and flow-
through, reinforcing the interpretation of increased FITC-dextran flowthrough.

In order to test the generality of the inferred relationship between biofilm porosity
and the number of interactions between the lipoproteins on the cell surface and the
eDNA in the matrix, we repeated the analysis of FITC-dextran flowthrough using
biofilms of a CopL (SAUSA300_0079) deletion mutant. Importantly, CopL was identified
in the SW analysis screen (Table 1, band 4); purified CopL bound DNA, as indicated by
EMSA analysis (Fig. 3); and overexpression of CopL resulted in increased biofilm
biomass (Fig. 4A). Unlike the ∆csa mutants, the copL mutant did show a small but
statistically significant decrease in biofilm biomass in both the absence and the
presence of sub-MICs of antibiotic (Fig. 6D). When the FITC-dextran flowthrough was
quantified (Fig. 6E), all the FITC-dextrans showed a trend toward increased rates of
flowthrough in the copL mutant biofilms, which was consistent with the interpretation
of the ∆csa mutant flowthrough measurements.

Contribution of proteins Eap and IsaB identified by SW analysis to eDNA

binding. Besides the lipoprotein candidates, the SW blotting approach identified a

number of other eDNA-binding proteins of interest (Table 1). We examined two of the
better-characterized proteins identified in more detail, starting with the extracellular
adherence protein (Eap) and immunodominant surface protein B (IsaB). Both Eap and
IsaB are characterized, secreted proteins, and both are known to bind DNA (38, 39).
Coupled with our SW analysis results (Fig. 2A), we were confident about their localiza-
tion and eDNA-binding properties. To test the hypothesis that these proteins contrib-
ute to the structure of the S. aureus biofilm matrix, we first constructed knockouts of
eap and isaB in the USA300 LAC background, and like the ∆saeP mutant and the ∆csa
mutants, these mutants had no significant impact on biofilm formation in microtiter
assays (Fig. S4). We decided to test the effect of these genes on biofilm formation in
another strain background, HG001, where high levels of secreted IsaB were reported
(58). In HG001, a 2-fold decrease in biofilm formation was observed in the isaB single
mutant, as well as in a double mutant in which the eap gene was also disrupted
(Fig. S4), but still no effect was observed for the eap mutant. We reasoned that Eap and
IsaB might redundantly bind surface eDNA in the matrix, and their respective contri-
butions may relate more to the biofilm structure than to a net contribution to biomass.

In order for Eap and IsaB functions to be assessed in surface eDNA binding, an assay
was developed using approaches pioneered by Kaplan and colleagues (56). We found
that proteinase K treatment was critical to the release of the S. aureus eDNA from the
surface proteins (Fig. 7A). In our analysis, we focused on high-MW eDNA, since previous
work has shown that .11 kb is necessary to function as a biofilm matrix polymer (59).
Interestingly, observable amounts of high-MW eDNA could not be recovered from the
LAC biofilm matrix, whereas significant amounts of high-molecular-weight DNA were
extracted from the HG001 matrix (Fig. 7A), suggesting either that the LAC biofilm does
not contain high-molecular-weight DNA or that the DNA is degraded during the
extraction process. When the level of Nuc activity was compared between the two
strains, LAC produced a high level, typical of USA300 strains (49), while HG001 com-
paratively produced very little (Fig. 7B), similar to the level of strain SH1000 (50). These
observations suggest that Nuc degrades the available high-MW eDNA, and in accor-
dance with this hypothesis, the LAC nuc mutant does accumulate high-MW eDNA
(Fig. 7C).

With the method described above, we assessed the role of IsaB and Eap in binding
surface eDNA using single and double mutant strains. When eDNA was isolated
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(Fig. 7D), a dramatic reduction in eDNA levels associated with the biofilm matrix was
observed when both eap and isaB were deleted in HG001 or in the LAC nuc mutant. A
partial loss of eDNA was also observed in the HG001 single mutants. These findings
suggest that within the biofilm, Eap and IsaB collectively contribute to the retention of
eDNA at the S. aureus surface. Although in the microtiter plate assays the biofilms the
LAC strain showed minimal phenotypes (Fig. S4), we reassessed this under flow
conditions, where we observed a significant decrease in both overall biomass and the
maximum thickness of the LAC nuc eap isaBmutant compared to the nuc single mutant
(Fig. 7E). These results suggest that the loss of eDNA-binding proteins contributes to
reduced S. aureus biofilm formation, at least in environments with sheer stress.

Due to the multitude of eDNA-binding proteins identified by the SW blotting
method, we moved constructs expressing SaeP and DsbA into the LAC nuc isaB eap

mutant. A significant increase in matrix-associated eDNA was observed when either of
these proteins was expressed at high levels (Fig. 7F), with much greater eDNA retention
being observed when SaeP was expressed. The trans-complementation approach
suggests that secreted eDNA-binding proteins can function in a redundant capacity to
retain surface eDNA in the biofilm matrix. Since these strains retain greatly increased
levels of eDNA, they would be expected to form biofilms with a greatly reduced
porosity. Studies are under way to assess whether this is in fact the case.

SaeP levels impact nuclease expression. Based on studies conducted thus far, it

is clear that SaeP is a membrane-anchored lipoprotein that faces the extracellular

FIG 7 Eap and IsaB impact the surface eDNA and biofilm structure. (A) Release of surface eDNA from HG001 and LAC biofilms with and without
proteinase K. (B) Nuc activity, measured by FRET assay, in HG001 and LAC WT and nuc mutant strains. (C) Release of surface eDNA from LAC WT
and nuc mutant biofilms. (D) Release of surface eDNA from isaB, eap, and double mutants in HG001 and LAC backgrounds. (E) Confocal
microscopy images of the LAC nuc mutant versus the nuc isaB eap triple mutant. (F) Release of surface eDNA from the LAC nuc isaB eap triple
mutant expressing DsbA or SaeP.
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environment and binds eDNA, thereby enhancing biofilm formation. However, given
that SaeP is an auxiliary protein of the SaeRS two-component system that works with
SaeQ to modulate the activity of the SaeS sensor kinase (51), it is possible that high
levels of SaeP expression could promote biofilm formation by reducing the activity of
SaeS and thereby indirectly reducing the levels of secreted Nuc (49, 50). To compare
and evaluate these different SaeP functions, Nuc levels were measured during overex-
pression of SaeP and compared to biofilm growth. As expected, SaeP enhanced the
biofilm formation capacity beyond that for the empty vector (Fig. 8A) at xylose levels
of 0.2% and above. The same SaeP expression levels corresponded to a decrease in Nuc
activity (Fig. 8B), approaching almost nondetectable levels at 0.4 and 0.6% xylose. This
observation suggests that SaeP-dependent repression of Nuc activity could impact the
ability of S. aureus to form a biofilm; however, the observed levels of Nuc activity within
the biofilm (Fig. 8B) were nearly 50-fold lower than the amount of exogenously
supplied Nuc that was required to impact biofilm formation (Fig. 5C), suggesting that
the regulatory activity of SaeP had at best only a minimal impact in the various static
biofilm assays described above. Consistent with this interpretation are the findings that
overexpression of SaeP in either a nuc mutant (50) or a mutant with a complete
deletion of the saePQRS operon (46) still resulted in increased biofilm formation
(Fig. S3A) and allowed for the extraction of increased levels of high-molecular-weight
DNA (Fig. S3B). Collectively, these observations suggest that the enhanced biofilm
formation associated with the overexpression of membrane-anchored lipoproteins
described above is primarily due to interactions between the lipoproteins and eDNA
within the matrix. The observation that the overexpression of SaeP can reduce Nuc
activity (Fig. 8B) raises the possibility that at normal levels of expression SaeP can
modulate biofilm formation by impacting Nuc expression when Nuc expression is not
suppressed by glucose supplementation of the growth medium (49, 50).

To examine the impact of SaeP on nuc expression, we utilized a BioFlux microfluidics
device, which allows for a more comprehensive assessment of biofilm development.
Importantly, the growth medium used for this study, 50% tryptic soy broth (TSB), did
not contain supplemental glucose, as was the case for the medium used in the various
microtiter plate assays described above. Consistent with the above-described experi-
ments indicating a negative effect of SaeP on nuc regulation (Fig. 8B), growth of the
∆saeP mutant containing the nuc reporter plasmid revealed that the stochastic expres-
sion observed in the WT strain was nearly eliminated, with the majority of the cells
demonstrating nuc expression (Fig. 8C and D). In contrast, the temporal control of nuc
expression appeared to be similar to that of the WT strain, with induction occurring at
about 2.5 h after initiation of the experiment. Given these findings, it would appear to
be highly plausible that the normal expression levels of SaeP may play a significant role
in the regulation of biofilm development. Ongoing studies are aimed at elucidating the
function of the SaeRS system and of SaeP in particular in modulating the S. aureus

biofilm lifestyle.
Bioinformatics analysis and perspectives on potential eDNA-binding proteins.

Additional bioinformatics analysis was performed on the many other candidates iden-
tified by SW analysis and listed in Table 1 (and Table S1). Literature searches looking for
any evidence of DNA-binding activity were conducted, and in addition, the amino acid
sequences of hypothetical proteins were submitted for structural prediction on the
Phyre2 server (60). As was to be expected, many of the ribosomal proteins identified by
the SW analysis are known to interact with nucleic acids, either rRNA, tRNA, or mRNA.
Beyond these candidates, bioinformatics structural analysis of two lipoproteins identi-
fied in SW analysis band 2, encoded by ORFs 0419 and 1790, suggests that they may
bind eDNA with a high affinity.

The 0419 ORF encodes one of nine lipoproteins, referred to as Lpl1 through Lpl9
(also called Csa3A through Csa3I), that are encoded by ORFs 0410 through 0419 on the
USA300 chromosome. They are located in the lipoprotein-like (lpl) cluster found within
the type I vSaa island in S. aureus strains belonging to clonal complex 5 (CC5) and CC8
(61). The nine Lpl proteins share significant sequence homology, with an average
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percent identity of 61% and a range of identities of 46% to 83%. As a group, the mature
Lpl proteins are very basic, with an average theoretical pI of 8.2, suggesting that they
should make favorable electrostatic interactions with negatively charged eDNA at
neutral pH or under the low-pH conditions found in S. aureus biofilms. While no

FIG 8 SaeP levels impact Nuc expression. (A) SaeP was overexpressed in LAC under biofilm-forming conditions, and the
adherent biomass was quantified using crystal violet. Error bars are the standard deviation for three replicate wells. (B)
Biofilm supernatants were filter sterilized and tested for nuclease activity using a Nuc FRET assay. Error bars are the
standard deviation for four replicate assays. P values were determined by Student’s t test. ***, P # 0.0005. (C) BioFlux
images of the WT and saeP mutant with the Pnuc-GFP reporter. (D) Quantification of the cell coverage and fluorescent
coverage of the images in panel C.
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structures have been determined for the proteins encoded in the lpl cluster, sequence
homology (Fig. S5A) indicates that they belong to a family of proteins, the conserved
staphylococcal antigens (Csa) family (61–63), for which X-ray crystal structures exist
(Fig. S5B and C). Importantly, the Csa family includes the protein encoded by ORF 0100,
which was shown to bind DNA with a high affinity by EMSA analysis (Fig. 3), which
suggests that all of the Csa proteins may bind DNA.

Examination of the available Csa family crystal structures suggests an explanation
for the observed high DNA-binding activity of lipoprotein 0100. The RCSB Protein Data
Bank (PDB) (64) contains X-ray crystal structures for 0100-encoded Csa1A (PDB acces-
sion number 4BIG [63]), Csa1B (PDB accession number 4BIH, [63]), and Csa4A (PDB
accession number 4EGD). Affinity pulldown and surface plasmon resonance experi-
ments utilizing purified proteins suggest that Csa paralogs can physically interact with
each other (63), and the asymmetric unit in Csa4A (PDB accession number 4EGD)
(Fig. S5D) suggests that they may interact to form split b-barrel structures in which
b-strands 3, 4, and 5 along with a4 form the dimer interface. Importantly, with an
interior diameter in the range of 20 to 25 Å, the barrel is sufficiently large to accom-
modate a dsDNA helix. Given the high pIs of the Csa proteins noted above and the fact
that proteins that utilize b-sheets to bind DNA have positive electrostatic potentials on
their surfaces (65), electrostatic surface potentials were calculated for each of the Csa
proteins. Atomic models were generated using the Phyre2 server and the structure with
PDB accession number 4EGD as a template, and electrostatic potentials were calculated
using the PDB2PQR server (66) and PyMOL (The PyMOL molecular graphics system,
version 2.1; Schrödinger, LLC). When electrostatic surface potentials were calculated
over a range of pHs for two of the Lpls, Lpl1 and Lpl7, the concave surface of the
b-sheet was highly positive (Fig. S5E) when the solvent-accessible surface potential was
displayed in the same orientation (Fig. S5B). When the electrostatic potentials for each
of the Csa proteins were calculated at pH 5 and displayed in the same orientation
(Fig. S5F), it is clear that a number of them, including 0100, also had a very positive
charge distribution on the concave face of their b-sheets. If the Csa proteins do in fact
form split b-barrels, then at the low pH values where S. aureus biofilms form, the interior
surface of the barrel would be highly positive, as has been observed for other proteins
that use b-sheets to bind DNA (65).

Structural analysis suggests that the lipoprotein encoded by SAUSA300_1790 may
also promote S. aureus biofilm formation by moonlighting as an eDNA-binding protein.
ORF 1790, which encodes the bacterial extracellular foldase PrsA, was identified by SW
analysis at a similar high abundance in both membrane band 2 and medium band 10
(Table S1), which is consistent the findings obtained by MS recently reported by Graf et
al. (35). PrsA is a highly conserved, essential lipoprotein that contains two subdomains:
an NC domain (consisting of the N- and C-terminal portions of the protein) and an
intervening parvulin-like domain responsible for the peptide-propyl cis-trans isomerase
(PPIase) activity of the protein (67). Relative to PrsA in Bacillus subtilis (Fig. 9A) and other
Gram-positive bacteria (67), S. aureus PrsA contains a 15-amino-acid insertion in the
parvulin domain, which is indicated by the magenta bar in the alignment of the S.

aureus and B. subtilis PrsAs shown in Fig. 9A generated with the Clustal Omega
program. The parvulin domains of the bacterial PrsAs also share significant sequence
homology with human parvulin, as illustrated by the alignment of S. aureus PrsA with
human hPar14 (Fig. 9B). Interestingly, S. aureus PrsA contains the same insertion relative
to human parvulin as it does relative to other bacterial PrsAs, suggesting that acqui-
sition of the insertion may be a recent evolutionary event. The dimeric X-ray crystal
structure of B. subtilis PrsA (PDB accession number 4WO7 [67]) shows a large, bowl-
shaped crevice that is roughly 25 Å wide and 40 Å deep, with the NC domains (teal and
yellow in Fig. 9C) being the closest to the cell membrane and the parvulin domains
(dark blue and orange/magenta in Fig. 9C) being at the top of the bowl. The structure
of the complete S. aureus PrsA has not been determined, but a nuclear magnetic
resonance (NMR) structure of the parvulin domain (PDB accession number 2JZV) has
been published previously (68). In Fig. 9C, the S. aureus NMR structure is superimposed
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FIG 9 PrsA bioinformatics. (A) Alignment of S. aureus PrsA (Sa_PrsA) with Bacillus subtilis PrsA (Bs_PrsA) determined with the Clustal Omega program (89) and
prepared using the ESPript2.2 program (90), in which identical residues are highlighted in red and similar residues are shown in red text. Secondary structure
elements from the B. subtilis X-ray crystal structure (PDB accession number 4WO7) are indicated above the sequence, and the color bars below the sequences
correspond to the subunit colors in panel C, with the NC and parvulin domains of subunit 1 being indicated by teal and dark blue, respectively, and the NC
and parvulin domains of subunit 2 being indicated by yellow and orange, respectively. The magenta bar under parvulin domain 1 indicates the amino acid
insertion found in S. aureus PrsA. (B) Alignment of S. aureus PrsA with human parvulin protein hPar14 determined with the Clustal Omega program. The amino
acid insertion in S. aureus PrsA is indicated by the magenta bar, and the green bars indicate the hPar14 residues whose NMR chemical shifts were sensitive to
the addition of DNA. (C) Image, generated with PyMOL (The PyMOL molecular graphics system, version 2.1; Schrödinger, LLC), showing the molecular surface
of the B. subtilis PrsA crystal structure (PDB accession number 4WO7), with NC domain 1 shown in teal, parvulin domain 1 shown in dark blue, NC domain 2
shown in yellow, and parvulin domain 2 shown in orange. The solution NMR structure of the S. aureus parvulin domain (PDB accession number 2JZV) is
superimposed on the parvulin domain 2 of B. subtilis, and the extra molecular surface from the amino acid substitution in S. aureus PrsA is shown in magenta.
In addition, the molecular surfaces associated with the S. aureus parvulin domain residues corresponding to the human parvulin residues with DNA-sensitive
chemical shifts are shown in green. (D) Stereo image depicting the alignment of S. aureus (PDB accession number 2JZV; yellow) and human (PDB accession
number 1FJD; teal) parvulin NMR structures, with the amino acid insertion in S. aureus, including the lysine side chains, shown in magenta and the positions
of human residues whose chemical shifts are impacted by DNA shown in green.
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on B. subtilis parvulin domain 2, so that the additional solvent-accessible surface
associated with the insertion is shown in magenta on the edge of the bowl, and in
Fig. 9D, the S. aureus NMR structure (yellow) is superimposed on the NMR structure
(PDB accession number 1FJD [69]) of hPar14 (blue), with the amino acid insertion being
shown in magenta. Significantly, hPar14 has been shown to bind short DNA duplexes
with dissociation constants (Kds) of ;200 nM (70), with the highest affinities (,190 nM)
being observed for DNA duplexes containing tracts of 5 to 6 contiguous A residues,
which would be common in eDNA derived from low-GC-content S. aureus genomic
DNA. By titrating DNA into the hPar14 solution, Surmacz et al. (70) were able to identify
residues (indicated by green bars in Fig. 9B) whose chemical shifts were sensitive to the
addition of DNA. When surfaces associated with the corresponding residues in the
parvulin domain of S. aureus PrsA are colored green (Fig. 9C and D), it can be seen that
they are located along the inner face of the crevice/bowl of dimeric bacterial PrsA,
suggesting that DNA may bind within the bowl. Interestingly, the insertion that is
unique to S. aureus contains several lysine side chains (shown in magenta in Fig. 9D)
that would project into the bowl, where they could potentially enhance the ability of
S. aureus PrsA to bind DNA relative to other bacterial PsrAs.

DISCUSSION

In this work, we developed and verified a method for identifying eDNA-binding
proteins involved in S. aureus biofilm development. The approach is based on SW
blotting methods pioneered to investigate DNA-protein interactions (71). Using the
new method, we identified a number of lipoproteins and cell surface-associated
proteins that bind DNA, and selected candidates were confirmed and subsequently
shown to impact biofilm structure. As anticipated, proteins with known DNA-binding
activity were identified, such as the major autolysin Atl, IsaB, Eap, and PSMs, but more
interestingly, many uncharacterized proteins were uncovered in the screen. Of these
candidates, a number of lipoproteins were detected, and some were investigated
further and shown to bind eDNA, positively impact S. aureus biofilm development, and
influence biofilm porosity.

The findings reported here complement and extend the electrostatic net model of
biofilm development in S. aureus (33, 34). According to this model, cytoplasmic proteins
that are released into the extracellular environment through autolysis promote biofilm
formation by moonlighting as eDNA-binding proteins. At the acidic pHs associated with
biofilm formation, the positively charged proteins can form favorable, attractive elec-
trostatic interactions with both eDNA and the negatively charged teichoic acids found
on the cell surface. When the eDNA within the biofilm matrix is of high MW, multiple
bacterial cells can associate with any given DNA molecule, promoting cellular aggre-
gation. Since the positively charged proteins also insert between individual DNA
molecules, the proteins function as noncovalent links between DNA molecules that
would otherwise repulse one another. Therefore, the moonlighting proteins effectively
create a network of favorable, attractive electrostatic interactions resembling a net,
which promotes cellular aggregation and biofilm development.

Virtually all of the proteins identified by our SW blotting screen (see Table S1 in the
supplemental material) were found in the biofilm ECM and/or the biofilm flowthrough
in a very recent, comprehensive MS analysis of S. aureus biofilms (35), and roughly 20%
of the proteins that we identified were also found in the studies on the electrostatic
model (33, 34). By far, the largest differences between the list of proteins that we
identified and the proteins identified by these other studies are proteins that we failed
to identify as contributing to the biofilm matrix. However, since many of the proteins
found to be enriched in biofilms may not have DNA-binding activity, they would have
been missed by our approach since we purposely implemented the SW blotting screen
prior to MS analysis in order focus on potential eDNA-binding proteins. More significant
are the proteins that we identified but that were not identified or that were found at
only a low abundance in the other studies. Since we included cell membranes in our
study, the SW blotting method allowed for the identification of novel eDNA-binding
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lipoproteins that are covalently attached to the cell membrane. The others studies
relied on salt and increases in pH to release proteins associated with the cell surface
through noncovalent interactions, which means that they would be able to find only
the lipoproteins that were shed from the cell membrane. At the experimental level, this
makes our SW blotting approach complementary to the other studies, but more
importantly, it allowed us to uncover the potential roles that these lipoproteins may
play in modulating biofilm stability and porosity.

By applying the SW blotting approach to S. aureus membranes, we have extended
the electrostatic net model of biofilm development to include membrane-bound
lipoproteins that form favorable electrostatic interactions with eDNA and thereby
contribute to stabilize the biofilm and modulate biofilm porosity. It seems likely that
their contribution to the network has been overlooked due to the methods used, as
noted above. Using the SW blotting approach, we identified numerous lipoproteins as
potential DNA-binding proteins, and for several of them, we confirmed their DNA-
binding activity. EMSA analysis also indicated that the lipoproteins formed very-
high-MW complexes that were consistent with nonspecific DNA binding, an important
property for proteins that are going to contribute to the electrostatic net by binding
eDNA. Running EMSAs at different pHs demonstrated that the lipoprotein DNA-binding
activity was driven largely through attractive electrostatic interactions. We further
demonstrated that at high levels these lipoproteins were able to enhance biofilm
formation. Using SaeP as a test candidate, the enhancement in biofilm capacity was
dependent on the presence of eDNA, suggesting that the lipoproteins increase the
biofilm formation capacity by making favorable interactions with the eDNA found in
the matrix and thereby strengthening the electrostatic net. By quantifying the ability of
various-sized FITC-dextrans and proteins to diffuse through biofilms, we provide evi-
dence that these interactions can modulate biofilm porosity. The secreted eDNA-
binding proteins identified by the SW blotting screen, for example, Eap and IsaB, likely
promote biofilm formation and modulate porosity through the interactions that they
make with eDNA in the matrix. All these findings are consistent with the function of the
moonlighting proteins that stabilize the biofilm, but our observation that SaeP must be
attached to the cell surface provides a new layer to the model. Our observations
suggest that lipoproteins may function as anchor points that secure the electrostatic
net to the cell surface and that these anchor points are important for promoting biofilm
formation and modulating biofilm porosity. The fact that we were able to identify
multiple lipoproteins with DNA-binding and biofilm-promoting activity implies a sig-
nificant level of functional redundancy. Since the bioinformatics analysis suggests that
there are likely additional lipoproteins with DNA-binding activity, this redundancy may
be even more extensive than that indicated by the results of the SW blotting experi-
ments.

Structural analysis of the candidates identified by the SW blotting screen suggests
that additional lipoproteins that were not found during the SW blotting screen may
also have DNA-binding activity capable of promoting S. aureus biofilm formation. As
noted above, lipoproteins in the Csa family share a structure due to significant
sequence homology. Given that Csa lipoprotein 0100 was shown to bind DNA in the
EMSA analysis and result in an eDNA-dependent enhancement in biofilm formation
when overexpressed (Fig. 3 and 4), it is likely that many of the Csa proteins, including
the lpl proteins, possess similar DNA-binding activity that could enhance biofilm
formation. In this regard, it is interesting to note that it was recently found that
lipoproteins having an aspartate at position 12 of the lipobox are more tightly bound
to the cell surface (72) and that five of seven lipoproteins with Asp12 in S. aureus (out
of a total of 67 lipoproteins in S. aureus) are part of the lpl cluster (see the lipobox
sequences in Fig. S5A), suggesting that these proteins could serve as important
eDNA-bound anchors. Since analysis of the hypothetical Csa structures suggests that
they bind DNA using the positively charged, concave surface of a b-sheet, it is possible
that any lipoprotein that presents a positively charged, concave b-sheet on the outside
of the cell may form favorable interactions with eDNA. Our findings for lipoprotein 0079
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support this notion, as we demonstrated that this protein binds DNA (Fig. 3) and that
it results in enhanced biofilm formation when overexpressed (Fig. 4A). Analysis with
the Phyre2 server found that 0079 (CopL) has 63% sequence identity (Fig. S6A) to the
C-terminal domain of the YdhK protein of unknown function from B. subtilis. The
structure of YdhK (PDB accession number 4MDW; Fig. S6B and C) consists of two small
b-sheet domains that are connected by two long b-strands (b2 and b5) that form a
concave, antiparallel b-sheet that has been designated DUF1541. When the electro-
static surface potential of a 0079 model built on the structure with PDB accession
number 4MDW is displayed (Fig. S6B and C), the surface of the cleft between the
b-sheet domains is highly positive, suggesting that this surface is likely responsible for
the binding DNA observed in the SW and EMSA analyses (Fig. 1 and 3). Of note, it was
demonstrated that the binding region (BR) domain of the MSCRAMM protein PsrP from
Streptococcus pneumoniae interacts with eDNA to promote bacterial aggregation (73).
Interestingly, the BR domain (Fig. S5G) consists of an antiparallel b-sheet that, when
dimerized, forms a split b-barrel-like structure in which the positive interior, concave surface
of the barrel binds DNA. Collectively, the findings for the Csa proteins, 0079, and PsrP
suggest that interactions between eDNA and positively charged, concave b-sheets of
lipoproteins may be a general mechanism for stabilizing bacterial biofilms.

Our discovery of SaeP by the SW blotting approach is of particular significance since
this is an auxiliary lipoprotein that works with the membrane protein SaeQ to control
the SaeRS two-component system function (51), which raises the possibility that SaeP
may have a regulatory function in biofilm formation. While SaeP was predicted to be a
lipoprotein, we confirmed that assignment and demonstrated that the C-terminal
domain faces the extracellular environment (Fig. 4). This C-terminal domain was found
to bind eDNA directly in a pH-dependent manner (Fig. 3), and the expression of SaeP
positively impacted the S. aureus biofilm formation capacity. Interestingly, this pheno-
type was dependent on the availability of eDNA, which, coupled with SaeP localization,
allowed us to infer that membrane-bound lipoproteins may function as anchor points
between the biofilm matrix and the bacterial cell surface. Through further investigation,
the positive impact of SaeP expression on biofilm formation was also linked to its
function as a repressor of the SaeRS system (50). The repression of Nuc activity as a
consequence of SaeP overexpression correlated with increased amounts of higher-
molecular-weight eDNA being associated with the cell surface and biofilm matrix.
Consistent with a regulatory role for SaeP, we found that inactivation of saeP resulted
in elevated nuc expression levels (Fig. 8D) and relieved the bistability phenotype that
we previously demonstrated for nuc expression using the BioFlux device (19). This
observation demonstrates that SaeP modulates SaeRS function and controls the sto-
chastic response normally observed in wild-type strains. Taken together, this raises the
possibility that SaeP may regulate biofilm formation and porosity by modulating the
local availability of high-molecular-weight eDNA.

In this work, we developed a novel SW blotting screen for the discovery of S. aureus
biofilm matrix proteins with DNA-binding activity. Collectively, our findings make a case
for extending the electrostatic net model for S. aureus biofilm formation to include
lipoproteins. These membrane-attached lipoproteins may function as important anchor
points that connect the bacterial cell surface to the biofilm matrix. Although our screen
was limited to S. aureus, our findings should be applicable to many different bacteria
since eDNA is recognized as a structural component of the biofilm matrix for numerous
bacterial species (74–76). Moreover, given that biofilms are implicated in various types
of invasive and chronic infections, our findings suggest that lipoproteins make attrac-
tive targets for novel antibiofilm therapies aimed at disrupting biofilms by interfering
with the interactions between individual bacteria and the biofilm matrix.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Escherichia coli was grown in Luria-Bertani (LB) and S.

aureus was grown in tryptic soy broth (TSB) at 37°C with shaking unless otherwise stated. For a complete
list of strains, see Table 2. The antibiotic concentration for maintenance of E. coli plasmids was
100 mgml21 for ampicillin (Amp) and 50 mg ml21 for kanamycin (Kan). S. aureus plasmids were
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maintained with 10 mgml21 chloramphenicol (Cam) or 10 mgml21 erythromycin (Erm). Bacterial growth
was monitored using a Tecan Infinite M200 plate reader (Tecan, Switzerland).

Recombinant DNA and genetic techniques. Restriction enzymes were obtained from New England
BioLabs (Beverly, MA), and T4 DNA ligase was obtained from Promega Corporation (Madison, WI). The
primers used in this study are listed in Table S2 in the supplemental material and were synthesized at
Integrated DNA Technologies (IDT; Coralville, IA). DNA manipulations were performed in E. coli strain
ER2566 or GM2163 (New England BioLabs). Plasmids from ER2566 were transformed into S. aureus strain
RN4220 by electroporation as previously described (77). Plasmids from GM2163 were electroporated
directly into strain LAC-derived strains as described previously (78). Chromosomal markers were moved
by bacteriophage f11 transduction, and strain constructions were verified by PCR. S. aureus genomic
DNA was isolated using a Puregene DNA purification kit (Qiagen). Plasmid constructs and S. aureus

mutants were confirmed by DNA sequencing at the University of Iowa DNA Core Facility or at the
University of Colorado Barbara Davis Center for Diabetes.

Growth curves. Overnight cultures of strains were diluted 1:100 into 25 ml tryptic soy broth (TSB) in
125-ml flasks and incubated in a 37°C shaker at 225 rpm. At each time point, 200 ml was removed and
placed in a 96-well plate. The optical density at 600 nm (OD600) was measured in a Tecan Infinite M200
plate reader (Tecan, Switzerland).

Construction of strains. (i) DsaeP mutant. Two-step overlap PCR was used to create pJB38-∆saeP.
Regions of 600 bp directly upstream and downstream of saeP were amplified from AH1263 genomic DNA
(79) with primer pairs MJT240/CEF169 and CEF170/CEF171 respectively, where CEF169 and CEF170
contained complementary overlapping regions (Table S2). The PCR products were purified, mixed, and
used as the template for the second round of PCR with primer pair MJT240/CEF171. The 1.2-kb PCR
product was purified, digested with EcoRI and KpnI, and ligated into similarly digested pJB38 (80). The
resulting plasmid was used to construct a markerless ∆saeP strain in the AH1263 background, as
described above, and the strain was named CEF93.

TABLE 2 Strains and plasmids used in this study

Strain Genotype Reference or source

AH1263 USA300 CA-MRSA strain LAC Erms isolate 79
AH1178 Newman 91
AH2900 Newman ∆eap 42
AH2902 Newman ∆eap/pLL39_eap 42
AH1811 LAC (AH1263) hla::erm 43
AH2216 LAC (AH1263) ∆saePQRS 46
CFS22 AH2216/pEPSA5_saeP This study
CFS159 AH2216/pEPSA5 This study
AH2340 E. coli ER2566/pET28a_saeP This study
AH3856 E. coli ER2566/pET28a_0079 This study
AH3858 E. coli ER2566/pET28a_0100 This study
AH3860 E. coli ER2566/pET28a_2354 (dsbA) This study
AH3498 LAC (AH1263) ∆saeP This study
CFS155 LAC (AH1263)/pEPSA5_saeP-T7 This study
CFS227 LAC (AH1263)/pEPSA5_0079-T7 This study
CFS228 LAC (AH1263)/pEPSA5_0100-T7 This study
CFS LAC (AH1263)/pEPSA5_2354 (dsbA)-T7 This study
CFS229 LAC (AH1263)/pEPSA5_0175-T7 This study
CFS230 LAC (AH1263)/pEPSA5_1436-T7 This study
CFS231 LAC (AH1263)/pEPSA5_1478-T7 This study
CFS47 AH2216/pEPSA5_saeP(C133A)-T7 This study
CFS222 AH2216/pEPSA5_saeP(C21A)-T7 This study
CFS210 LAC(AH1263) atl::Tn/pEPSA5_saeP-T7 This study
AH1570 LAC(AH1263)/pCM20
AH3759 LAC(AH1263)/pCM38 (Pnuc_sGFP) This study
AH3760 LAC(AH1263) ∆saeP pCM38 (Pnuc_sGFP) This study
AH4333 LAC(AH1263) nuc::LtrB/pEPSA5_saeP This study
AH4334 LAC(AH1263) nuc::LtrB/pEPSA5_dsbA This study
AH2582 LAC(AH1263) ∆isaB This study
AH3201 LAC(AH1263) eap::erm This study
AH3202 LAC(AH1263) ∆isaB eap::erm This study
AH2183 HG001 53
AH2500 AH2183 ∆isaB This study
AH3513 AH2183 eap::erm This study
AH3514 AH2183 ∆isaB eap::erm This study
AH3611 LAC(AH1263) ∆isaB eap::erm nuc::LtrB This study
AH4791 LAC(AH1263) ∆lpl (∆SAUSA300_0400-0409) This study
AH5275 LAC(AH1263) ∆csa locus I (∆SAUSA300_0100-0103) This study
AH5394 LAC(AH1263) ∆csa locus I ∆lpl ∆csa locus IV This study
AH5409 LAC(AH1263) ∆copL::Tn (∆SAUSA300_0079) This study
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(ii) DisaB mutant. As described above, a two-step overlap PCR was used to create pJB38-∆isaB.
Regions directly upstream and downstream of isaB were amplified from AH1263 genomic DNA with
primer pairs CBR2/5 and CBR3/6, respectively (Table S2). The PCR products were purified, mixed, and
used as the template for the second round of PCR with primer pair CBR5/6. The final PCR product was
purified, digested with EcoRI and KpnI, and ligated into similarly digested pJB38. The resulting plasmid
was used to construct a markerless ∆isaB strain in the AH1263 background, and the strain was named
AH2582.

(iii) Csa deletion mutants. Markerless mutations of genes or gene clusters were introduced using
the temperature-sensitive plasmid pJB38 carrying DNA fragments (;1 kb in size) flanking the region
targeted for deletion. The flanking regions were amplified by Phusion High-Fidelity DNA polymerase
(New England BioLabs) with the primers listed in Table S2. The PCR products and pJB38 were digested
with restriction enzymes, as indicated in Table S2, and subsequently purified with a QIAquick PCR
purification kit (Qiagen, Germany). For the flanking region upstream of the SAUSA300_0410 gene, an
EcoRI site located 51 nucleotides downstream of the start of the cloned flanking region was used for
restriction. After triple ligation of the flanking region pairs with pJB38, the resulting plasmid was
electroporated into E. coli DC10B (78). E. coli cells carrying the plasmid were selected on LB plates
containing 100 mg/ml ampicillin, single colonies were picked, and the presence of the plasmid was
confirmed by PCR using the primers listed in the Table S2. The plasmid was recovered from overnight
cultures of positive clones with a QIAquick Spin miniprep kit (Qiagen, Germany), and the sequence of the
flanking regions was confirmed by in-house sequencing with their respective construction primers and
sequencing primers listed in Table S2. The plasmid was electroporated into the S. aureus target strain,
positive clones carrying pJB38 with the desired flanking regions were selected on tryptic soy agar (TSA)
plates containing 10 mg/ml chloramphenicol (Cam) at 30°C, and the presence of the plasmid was
confirmed by PCR with the primers listed in Table S2. For homologous recombination, positive clones
were streaked on TSA-Cam and incubated at 42°C for 24 h. Cam-resistant colonies were restreaked on
TSA-Cam and incubated at 42°C overnight. Single colonies were picked and incubated in 5 ml TSB at 30°C
and 200 rpm overnight. The resulting overnight cultures were diluted 1:1,000 in TSB and incubated at
30°C and 200 rpm overnight. This was repeated for six consecutive days, and subsequently, dilutions
(1026, 1027, and 1028) were plated on TSA plates containing 200 ng/ml anhydrotetracycline for coun-
terselection and incubated at 30°C overnight. Single colonies were then patched on TSA and TSA-Cam
plates and grown at 30°C overnight. Plasmid loss was indicated by growth on TSA but not TSA-Cam.
Colonies were screened for the desired mutation by PCR with primers located on the S. aureus

chromosome outside of the mutated region (Table S2). Mutation of locus I was achieved by deletion of
the genes SAUSA300_0100 to SAUSA300_0103, mutation of lpl was achieved by deletion of the genes
SAUSA300_0410 to SAUSA300_0419, and mutation of locus IV was achieved by consecutive deletion of the
genes SAUSA300_2429, SAUSA300_2430, and SAUSA300_2424.

(iv) CopL mutant. The transposon mutation for CopL (mutant NE1913) was moved into strain LAC
from the Nebraska Transposon Mutant Library (81) by phage transduction using f11.

Plasmid construction. (i) pSKerm-saePQRS complementation plasmid and C133A. The full sae
operon (saePQRS), including 300 bp upstream of saeP, was amplified from AH1263 genomic DNA using
primers CEF16 and CEF17. The 3.5-kb PCR product was purified by agarose gel electrophoresis, digested
with HindIII and XmaI, and ligated to pSKerm, which had been digested with the same enzymes (49). The
SaeP C133A point mutation was generated using two-step overlap PCR with vector primers (pSKerm
for/pSKerm rev) and complementary mutagenesis primers (CEF27/CEF28). All constructs were confirmed
by sequencing at the University of Iowa DNA Core Facility.

(ii) pEPSA5_SaeP-T7 and point mutants. To construct a protein expression construct of SaeP with
the superoxide dismutase ribosome-binding site and a C-terminal T7 tag, saeP was amplified from
AH1263 genomic DNA using primer pair CEF64/CEF65. The PCR product was digested with EcoRI and
XhoI and ligated to similarly digested pEPSA5 (45). The C21A point mutation was generated using
two-step overlap PCR with vector primers and complementary mutagenesis primers. The 5= fragments
were amplified using pEPSA5_saeP as a template and an upstream vector primer (pEPSA5for2) and
reverse primer containing the alanine substitution (CEF227). The 3= saeP-T7 fragments were amplified
using the same template with forward primers containing alanine substitutions (CEF226) and a down-
stream vector primer (pEPSA5rev). The PCR products were purified, and appropriate upstream and
downstream fragments were mixed in a 1:1 ratio. The mixtures were used as templates for the second
round of PCR with primer pair EPSA5for2/EPSA5rev. Overlap PCR products were purified, digested with
EcoRI and XhoI, and ligated to pEPSA5 that had been digested with the same enzymes. All mutants were
confirmed by sequencing at the University of Iowa DNA Core Facility.

(iii) pEPSA5_DsbA-T7. A C-terminally T7-tagged lipoprotein control was constructed by amplifying
dsbA from AH1263 genomic DNA using primer pair CEF217/CEF218. The PCR product was digested with
EcoRI and XhoI and ligated to a similarly digested pEPSA5.

Southwestern analysis. A screen based on SW blotting techniques typically used for characterizing
protein-DNA interactions was developed to identify proteins capable of interacting with eDNA (71). To
generate protein samples for analysis, biofilm and planktonic cultures of either the wild type or a deletion
mutant were grown overnight. Biofilms were grown in plasma-coated plates as previously described (82),
and planktonic cultures were grown in TSB. Biomass was collected by pelleting planktonic cells or
scraping off biofilm cells, and spent medium was filter sterilized and stored at 220°C until the SW
analysis was performed. Isolation of membrane-associated proteins was conducted as previously de-
scribed (83). Briefly, cells were washed twice with 13 SMM buffer (0.5 M sucrose, 20 mM maleic acid, pH
6.5, 20 mM MgCl2) and then resuspended in SMM buffer containing 10 mg/ml of lysostaphin (AMBI
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Products, Lawrence, NY) and incubated for 1.5 h at 37°C. Protoplasts were harvested by centrifugation
(12,000 3 g for 15 min at 4°C), washed with SMM buffer, and resuspended in 20 mM Tris, pH 8.0.
Protoplasts were lysed by sonication on ice (3 times for 5 min each time, 50% duty) using a Sonifier 450
apparatus (Branson, Danbury, CT). Following centrifugation to remove insoluble cell debris (15,000 3 g

for 20 min at 4°C), the membranes were pelleted by centrifugation at 100,000 3 g for 90 min at 4°C. The
membrane pellets were washed twice with 20 mM Tris, pH 8.0, and resuspended in the same buffer. The
protein concentrations of the samples were determined by the Bradford assay, and equal amounts of
protein were separated by SDS-PAGE using duplicate 4 to 20% nonreducing gradient gels (Bio-Rad
Laboratories, Hercules, CA, USA). One gel was stained with Coomassie for protein band visualization, and
the second gel was incubated in refolding TNDCaMg buffer (10 mM Tris, pH 7.5, 50 mM NaCl, 1 mM
dithiothreitol, 5 mM CaCl2, 5 mM MgCl2) containing 0.9 mM Triton X-100 for two 6-h washes to allow for
protein refolding within the gel. The gel was then incubated for 2 h at room temperature in TNDCaMg
buffer (without Triton X-100) containing 2.5 nM an IRD700-labeled 259-bp dsDNA probe. The probe was
generated from the nanA promoter region (84) using IRD700-labeled primers (IDT, Coralville, IA)
MO122IRD700 and MO123IRD700 and purified by electroelution. Following incubation, both gels (the
Coomassie-stained and IRD700-DNA-probed gels) were imaged using the 700-nm channel of a LI-COR
Odyssey CLx imager (LI-COR, Omaha, NE) and processed using Image Studio software. The Coomassie-
stained and DNA-probed gel images were aligned to identify protein bands with DNA-binding activity.
These bands were excised and analyzed at the University of Iowa Proteomic Facility. Following elution
from the gel, the proteins were digested with trypsin, and the resulting peptides were centrifuged
through a 3-kDa-molecular-wright-cutoff membrane and lyophilized. The tryptic peptides were recon-
stituted and separated with an acetonitrile-water gradient using reversed-phase high-performance liquid
chromatography on a Nanobore C18 column coupled on-line to a high-resolution tandem mass spec-
trometer (MS-MS). Mass spectrometric analyses were conducted on a quadrupole time of flight (Q/TOF)
mass spectrometer (Agilent 6520) with a nanospray ionization source. The mass spectral data were
searched against a library of staphylococcal tryptic peptides using Scaffold (version 4.8.4) proteome
software (Proteome Software, Inc., Portland, OR).

Electromobility shift assays. A portion of each purified lipoprotein was dialyzed into either
Tris-acetate, ethanolamine-CAPSO (3-(cyclohexylamino)-2-hydroxy-1-propanesulfonic acid), or bis-Tris–
ACES (N-(2-acetamido)-2-aminoethanesulfonic acid) pKa-matched buffer systems with NaCl added to
155 mM so that they could be used in electromobility shift assays at pHs 8.0, 9.6, and 6.7, respectively.
For each buffer system, a serial 2-fold dilution series of each lipoprotein (20 to 2.5 mM) was combined
with an IRD700-labeled DNA probe (the same 259-bp probe used for SW analysis) at a final concentration
of 5 nM, incubated for 30 min at room temperature, and then electrophoresed on 1% agarose gels that
had been cast with the appropriate pKa-matched buffer. Following electrophoresis, gels were scanned
using the 700-nm channel on an Odyssey CLx imager (LI-COR, Omaha, NE) and visualized using Image
Studio software.

SCAM. The substituted cysteine accessibility method (SCAM) was performed with S. aureus strain
AH2216 according to previously published methods with minor modifications (52). In brief, overnight
cultures were diluted 1:50 into TSB containing Cam and 0.1% xylose and grown in a 37°C shaker until the
cultures reached an OD600 of 2.0. The cells were pelleted and resuspended to an OD600 of 25 in buffer
A (100 mM HEPES, 250 mM sucrose, 25 mM MgCl2, 0.1 mM KCl, pH 7.5). One set of samples was
pretreated with lysostaphin (AMBI Products) prior to labeling with N●-(3-maleimidylpropionyl)biocytin
(MPB; Invitrogen). The other set of samples were first treated with MPB, followed by incubation with
lysostaphin. Residues exposed to the extracellular milieu label under all conditions, while residues in the
cytoplasm are accessible only following permeabilization of the cells with lysostaphin. Both sets of
samples were solubilized by adding 400 ml T7 binding/wash buffer (4.29 mM Na2HPO4, 1.47 mM KH2PO4,
2.7 mM KCl, 137 mM NaCl, 1% NP-40 substitute, pH 7.3). Labeled SaeP constructs were immunoprecipi-
tated using anti-T7 agarose (Novagen) and eluted with T7 elution buffer (100 mM citric acid, pH 2.2, 0.5%
SDS). To avoid possible aggregation, samples were not boiled following addition of 23 SDS-PAGE
loading buffer containing 5% b-mercaptoethanol before analysis by anti-T7 and Strep-HRP Western
blotting.

Forty-eight-well microtiter biofilm assays. Overnight cultures were diluted 1:500 in TSB containing
0.4% glucose and appropriate antibiotics. Subcultured bacteria were incubated in a 37°C shaker for
30 min prior to inoculating 1 ml per well in a 48-well plate. Xylose was added to the appropriate wells
at the specified concentrations, and the plates were incubated in a 37°C humidified shaker (Stuart SI505;
Techni Inc., Burlington, NJ) at 500 rpm for 24 h, unless specified otherwise. Biofilms were stained by first
aspirating the supernatant from each well using a 26-gauge needle. Nonadherent cells were removed by
washing with 750 ml distilled H2O (dH2O) with a multichannel pipette. To stain the adherent biomass,
500 ml of 0.1% crystal violet was added to each well and the plate was incubated at room temperature
for 10 min. Crystal violet was removed by aspiration, and the biofilms were washed with 750 ml dH2O
with a multichannel pipette. To solubilize the remaining crystal violet, 1 ml isopropanol was added to
each well and the plate was incubated at room temperature for at least 30 min. One hundred microliters
of solubilized crystal violet was mixed with 100 ml of isopropanol in a 96-well plate, and the plate was
read at OD595 in a Tecan Infinite M200 plate reader.

Ninety-six-well microtiter biofilm assays. An overnight culture of AH1263 was diluted 1:500 in TSB
containing 0.4% glucose. Subcultured bacteria were incubated in a 37°C shaker for 30 min prior to
inoculating 200 ml to a 96-well plate. Purified His-SaeP (described below) was added to each well at the
prescribed amount, and the plates were incubated in a 37°C humidified shaker at 500 rpm for 24 h.
Biofilms were stained by first aspirating the supernatant from each well using a 26-gauge needle.

eDNA-Binding Proteins in the Biofilm Matrix ®

May/June 2019 Volume 10 Issue 3 e01137-19 mbio.asm.org 25

 o
n
 J

u
ly

 2
6
, 2

0
1
9
 b

y
 g

u
e
s
t

h
ttp

://m
b
io

.a
s
m

.o
rg

/
D

o
w

n
lo

a
d
e
d
 fro

m
 



Nonadherent cells were removed by washing with 200 ml dH2O with a multichannel pipette. To stain the
adherent biomass, 100 ml of 0.1% crystal violet was added to each well and the plate was incubated at
room temperature for 10 min. Crystal violet was removed by aspiration, and the biofilms were washed
with 200 ml dH2O with a multichannel pipette. To solubilize the remaining crystal violet, 200 ml isopro-
panol was added to each well and the plate was incubated at room temperature for at least 30 min. One
hundred fifty microliters of solubilized crystal violet was transferred to a new 96-well plate, and the plate
was read at OD595 in a Tecan Infinite M200 or Tecan Infinite 200Pro plate reader.

Biofilm porosity measurements. Biofilms were grown in grown in 96-well filter plates that used
PVDF membranes with 0.45-mm pores (Agilent). Overnight cultures, grown in TSB, were inoculated at a
ratio of 1:250 into TSB supplemented with 0.6% yeast extract and 0.8% glucose, and 100-ml aliquots were
dispensed into plate wells that had been prefilled with 100-ml aliquots of TSB supplemented with 0.6%
yeast extract and 0.8% glucose and that contained either no methicillin or methicillin at 4 mg/ml, yielding
a final concentration of 2 mg/ml for wells containing methicillin. Identical biofilms were set up in parallel
using standard 96-well microtiter plates. Wells containing only sterile medium were included on the filter
plates in order to provide no-biofilm control wells for porosity measurements. After the plates were
incubated statically for 24 h at 37°C, the standard plates were stained with crystal violet as described
above and the filter plates were used for measuring biofilm porosity. Culture supernatants were removed
by aspiration and 100 ml of buffer (50 mM MES [morpholineethanesulfonic acid], pH 5.5, 150 mM NaCl)
containing either an FITC-isocyanide-dextran (with dextran at a molecular weight of either 4K, 10K, 70K,
or 150K) at 1 mg/ml or 100 ml of MES buffer containing a mixture of bovine serum albumin (BSA; MW,
66 kDa), yeast alcohol dehydrogenase (ANH; MW, 150 kDa), and sweet potato b-amylase (MW, 200 kDa)
at concentrations of 1, 12.5, and 12.5 mg/ml, respectively. The higher concentrations of ADH and
b-amylase were used in order to ensure that the proteins were fully in their tetrameric states. The filter
plates were centrifuged in a swinging-bucket rotor for 45 s at 20 3 g, which resulted in ;5 to 10 ml of
flowthrough in the biofilm plates and ;75 ml of flowthrough in the wells with sterile medium. The
concentrations of FITC-dextran in the biofilm flowthrough fractions were quantified by transferring 5 ml
of flowthrough to 96-well microtiter plates in which the wells had been prefilled with 45 ml of MES buffer
(that did not contain FITC-dextran), which resulted in a sufficient volume to uniformly cover the bottoms
of the wells and a FITC concentration that was still within a linear concentration, as confirmed by
standard curves, when the fluorescence was measured in a Tecan Infinite 200Pro plate reader using a
gain of 100 and excitation and emission wavelengths of 470 nm and 523 nm, respectively. The relative
concentrations of proteins in the biofilm flowthrough fractions were determined by separating the
proteins by SDS-PAGE using 4 to 20% gradient gels (Bio-Rad) and staining with Bio-Safe Coomassie G250
stain (Bio-Rad), followed by integration of band intensities by scanning of the gels at 700 nm using a
LI-COR Odyssey CLx scanner and Image Studio software. Analysis of the flowthrough data was accom-
plished using Excel and Prism software. The approaches of quantifying the flowthrough of both
FITC-dextrans and proteins have distinct and complementary advantages and disadvantages. FITC-
dextrans have the disadvantage that only a single-molecular-weight dextran can be passed through each
well, but the simplicity of the method lends itself to examining large numbers of wells. In contrast, the
use of proteins has the disadvantages of being more cumbersome and having intrinsically higher error
rates due to the increased number of steps in the process; it has the advantage of being able to pass
proteins with multiple molecular weights through the same biofilm. We therefore chose to use both
methodologies to assess biofilm porosity.

Flow cell biofilms. Flow cell biofilms were conducted as previously reported with minor modifica-
tions (50). Briefly, overnight cultures were diluted 1:100 in TSB. Inverted flow cell chambers were
inoculated with 1 ml of the subcultures. Cells were allowed to adhere to the acid-etched glass coverslips
for 1 h at room temperature. Following attachment, flow was initiated at a rate of 3.5 rpm. The biofilm
medium consisted of 2% TSB supplemented with 0.2% glucose and 1 mg/ml of chloramphenicol. For
strains containing pEPSA5 as either the empty vector or the vector expressing lipoprotein, the medium
was supplemented with 1 mg/ml of chloramphenicol and 0.1% xylose. The biofilms were grown at 37°C
for 2.5 days. Live/dead staining was performed on mature biofilms using SYTO9 and propidium iodine at
concentrations of 2.5 mM and 15 mM, respectively (LIVE/DEAD BacLight bacterial viability kit; Invitrogen).
Biofilms were imaged using a Leica scanning confocal laser microscope, and three representative images
were taken for each chamber. Images were processed using the FIJI platform (85), and statistical analysis
was conducted using COMSTAT2 software (86, 87).

Western blotting. Samples were electrophoresed on 15% polyacrylamide gels in a Protean 3 system
(Bio-Rad Laboratories, Hercules, CA, USA). Proteins were transferred to Immobilon-P PVDF membranes
(Millipore) at 170 mA for 1 h. For detection of T7-tagged SaeP proteins, membranes were blocked
overnight at 4°C with 5% milk in Tris-buffered saline (TBS; 20 mM Tris-HCl, pH 7.0, with 137 mM NaCl)
containing 0.05% Tween 20 (TBST). Anti-T7 antibody conjugated to horseradish peroxidase (HRP;
Novagen) was diluted 1:15,000 in 0.05% TBST and incubated with the membranes at room temperature
for 1 h. The membranes were washed five times for 2 min each time with 0.05% TBST. For the detection
of biotinylated proteins from the SCAM assays, the membranes were blocked overnight at 4°C with 3%
bovine serum albumin in 0.05% TBST. After three 10-min washes, the membranes were incubated with
streptavidin-HRP (1 mg/ml; Thermo Scientific) diluted 1:7,500 in 0.05% TBST at room temperature for 1 h.
The membranes were washed three times for 10 min each time with 0.05% TBST. All membranes were
imaged by incubating with the SuperSignal West Pico chemiluminescent substrate (Thermo Scientific) for
1 min and then exposed to X-ray film (Research Products International Corporation).

Cloning and purification of His-tagged lipoproteins. Soluble versions of lipoproteins SaeP
(SAUSA300_0693), SAUSA300_0079, SAUSA300_0100, and DsbA (SAUSA300_2354) lacking the
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N-terminal secretion signal and the Cys residue that would be modified with lipid were overexpressed
in E. coli and purified by Ni-affinity chromatography. The genes were amplified from strain LAC genomic
DNA using Phusion high-fidelity DNA polymerase (New England Biolabs, Ipswich, MA) and the following
pairs of primers: for SaeP, primers CEF43 and CEF44; for SAUAS300_0079, primers 00795 and 00793; for
SAUSA300_0100, primers 01005 and 01003; and for DsbA, primers 23545 and 23543. The PCR products
were digested with NheI-HF and BamHI-HF and ligated using T4 DNA ligase into similarly digested
pET28a that had been treated with shrimp alkaline phosphatase. E. coli expression strain ER2566 was
transformed with the ligations, and positive transformants were confirmed by DNA sequencing and
tested for protein expression. For purification, 2 liters of LB medium containing kanamycin at 50 mg/ml
was inoculated with 5 ml of an overnight culture of the lipoprotein-expressing E. coli strain and grown
at 37°C with shaking at 250 rpm to an OD600 of 0.5 to 0.6. Expression was induced with 1 mM IPTG
(isopropyl-b-D-thiogalactopyranoside), and the flasks were incubated at 30°C for 4 h. Cells were harvested
by centrifugation and resuspended in His-Select resin (Sigma) equilibration buffer (50 mM sodium
phosphate, 300 mM NaCl, 10 mM imidazole, pH 8). Cells were lysed using BugBuster master mix
(Novagen), and the resulting lysates were cleared by centrifugation at 30,000 3 g for 30 min at 4°C before
loading onto columns containing His-Select resin (Sigma). The columns were washed with at least 10
column volumes of equilibration buffer, and proteins were eluted with 2 column volumes of elution
buffer (50 mM sodium phosphate, 300 mM NaCl, 250 mM imidazole, pH 8). The purified proteins were
dialyzed into phosphate-buffered saline (PBS).

Nuc FRET assays on biofilm supernatant. The Nuc Förster resonance energy transfer (FRET) assay
was performed on biofilm supernatants as previously described with minor modifications (50). The FRET
oligonucleotide was diluted to 4 mM in 20 mM Tris, pH 8.0, 10 mM CaCl2. Twenty-five microliters of FRET
substrate was mixed with 25 ml of undiluted biofilm supernatant in a 96-well plate using a multichannel
pipette. Solutions were mixed vigorously while avoiding air bubbles and then immediately read in a
Tecan Infinite M200 plate reader at 552 nm of excitation, 580 nm of emission, and a gain of 100 every
3 s for several minutes. Fluorescence units were plotted versus time, and the plot was fit with a linear fit
to determine the slope, or the rate of the reaction. The FRET assay was repeated four times, and the
number of units per milliliter was calculated.

Nuc prevention/dispersal of SaeP biofilms. Purified nuclease (Worthington Biochemical Corpora-
tion, Lakewood, NJ) was resuspended in double-distilled H2O (ddH2O) at a concentration of 400 U/ml.
Fourfold serial dilutions were performed in ddH2O, and 20 ml of each dilution was added across a 96-well
plate. One concentration of xylose was added across each row containing a dilution series of nuclease,
such that each row had either 0, 0.2%, 0.4%, or 0.6% xylose. Overnight cultures of AH2816 (AH1263/
pEPSA5) and CFS155 (AH1263/pEPSA5_SaeP-T7) were diluted 1:500 in TSB containing 0.4% glucose.
Subcultured bacteria were incubated in a 37°C shaker for 30 min, prior to inoculating 180 ml into each
well of the prepared 96-well plate containing various concentrations of nuclease and xylose. The plates
were incubated in a 37°C shaker at 225 rpm for 24 h. The biofilms were stained as described above (see
“Ninety-six-well microtiter biofilm assays” above).

eDNA isolation assay. Biofilm matrix-associated eDNA was isolated as previously described with
some modifications (56). Overnight cultures were diluted 1:1,000 in TSB supplemented with 0.4%
glucose. Six-well plates were inoculated with 4 ml per well of subcultures, and appropriate amounts of
xylose were added to the wells. The biofilms were grown statically for 16 h in a humidified 37°C shaker.
To collect the biofilms, the supernatant was first aspirated off using a 26-gauge needle. The biofilms were
then removed using a cell scraper and placed into preweighed microcentrifuge tubes, and the biomass
was recorded. The biofilms were resuspended in PBS to 100 mg of biomass/ml. Proteinase K was added
at 5 mg/ml, and samples were incubated at 37°C for 2 h to facilitate eDNA release, as previously reported
(88). Cells were removed through centrifugation, and equal volumes of supernatant were collected.
eDNA was isolated using ethanol precipitation (2.5 volumes of 100% ethanol, 1/10 volume of 3 M sodium
acetate, pH 5.0). eDNA was pelleted by centrifugation and resuspended in 200 ml TE (Tris-EDTA) buffer.
Samples were analyzed using agarose gel electrophoresis and ethidium bromide staining.

BioFlux1000 biofilm assays. A BioFlux1000 microfluidic system (Fluxion Biosciences, Inc., San
Francisco, CA) was used to assess biofilm development as previously described (19). BioFlux1000 48-well
plates were used for all experiments. Biofilm growth channels were primed by adding 200 ml of 50% TSB
to the output wells and using a reverse flow for 5 min at 5.0 dynes/cm2. The TSB in the output wells was
replaced with 300 ml of fresh inoculum made from overnight-grown S. aureus cultures diluted to an
optical density at 600 nm (OD600) of 0.8. Three hundred microliters of fresh TSB was added to the input
wells. The growth channels were then seeded by applying a reverse flow for 2 s at 2.0 dynes/cm2. The
seeded plate was left to incubate on the heated (37°C) stage of the BioFlux1000 system for 1 h to allow
cells to attach to the growing channel walls. Inoculum remaining in the input and the output wells was
aspirated, and 1.3 ml of fresh 50% TSB (with or without 2% xylose for the saeP-overexpressing strain) was
added to the input wells. A forward flow at 0.6 dyne/cm2 was then applied to the channels for 18 h.
Bright-field and epifluorescence images were taken in 5-min intervals for a total of 217 time points. All
epifluorescence images monitoring green fluorescent protein (GFP) expression were acquired using a
fluorescein isothiocyanate (FITC) filter. Acquisition settings for images were kept constant throughout all
experiments (bright-field exposure, 10 ms; FITC exposure, 10 ms).

Quantification of acquired biofilm assay images. Images representative of the phenotypes
recorded were observed and selected using BioFlux Montage software (Fluxion Biosciences, Inc.).
Bright-field and epifluorescence images were calibrated to 0.317712 mM/pixel. For bright-field images, a
threshold was set using the Threshold tool and Slider tool to include all cells within each image while
excluding any background area. The total percentage of area covered within this threshold was
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designated as the percentage of biofilm coverage, and these values were plotted over time. For
epifluorescence images, the threshold was set to include all light areas (which were considered to be
fluorescing cells), and the total percentage of the area covered within this threshold was designated as
the percentage of fluorescing cells. These values were also plotted over time. All time points were plotted
in 15-min intervals using GraphPad Prism software (GraphPad Software, La Jolla, CA).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/mBio
.01137-19.

FIG S1, TIF file, 0.4 MB.
FIG S2, TIF file, 0.6 MB.
FIG S3, JPG file, 1.3 MB.
FIG S4, TIF file, 0.7 MB.
FIG S5, TIF file, 0.9 MB.
FIG S6, JPG file, 1.5 MB.
TABLE S1, DOCX file, 0.04 MB.
TABLE S2, DOCX file, 0.02 MB.

ACKNOWLEDGMENTS

We thank Ruth Massey for the Newman eap mutant strains.
A.R.H. and K.W.B. are supported by NIH public health service grant AI083211. A.R.H.

was supported by a merit award (I01 BX002711) from the U.S. Department of Veteran
Affairs.

We have no conflicts of interest to declare.

REFERENCES

1. James GA, Swogger E, Wolcott R, Pulcini E, Secor P, Sestrich J, Costerton
JW, Stewart PS. 2008. Biofilms in chronic wounds. Wound Repair Regen
16:37–44. https://doi.org/10.1111/j.1524-475X.2007.00321.x.

2. Rahim K, Saleha S, Zhu X, Huo L, Basit A, Franco OL. 2017. Bacterial
contribution in chronicity of wounds. Microb Ecol 73:710–721. https://
doi.org/10.1007/s00248-016-0867-9.

3. Kiedrowski MR, Horswill AR. 2011. New approaches for treating staphy-
lococcal biofilm infections. Ann N Y Acad Sci 1241:104–121. https://doi
.org/10.1111/j.1749-6632.2011.06281.x.

4. Bor DH, Woolhandler S, Nardin R, Brusch J, Himmelstein DU. 2013.
Infective endocarditis in the U.S., 1998–2009: a nationwide study. PLoS
One 8:e60033. https://doi.org/10.1371/journal.pone.0060033.

5. Cahill TJ, Baddour LM, Habib G, Hoen B, Salaun E, Pettersson GB, Schafers
HJ, Prendergast BD. 2017. Challenges in infective endocarditis. J Am Coll
Cardiol 69:325–344. https://doi.org/10.1016/j.jacc.2016.10.066.

6. McConoughey SJ, Howlin R, Granger JF, Manring MM, Calhoun JH,
Shirtliff M, Kathju S, Stoodley P. 2014. Biofilms in periprosthetic ortho-
pedic infections. Future Microbiol 9:987–1007. https://doi.org/10.2217/
fmb.14.64.

7. Idelevich EA, Kreis C, Loffler B, Peters G. 2016. Staphylococcus aureus-
associated musculoskeletal infections. Curr Top Microbiol Immunol 409:
229–261. https://doi.org/10.1007/82_2016_19.

8. Scherr TD, Heim CE, Morrison JM, Kielian T. 2014. Hiding in plain sight:
interplay between staphylococcal biofilms, and host immunity. Front
Immunol 5:37. https://doi.org/10.3389/fimmu.2014.00037.

9. Stewart PS. 2014. Biophysics of biofilm infection. Pathog Dis 70:212–218.
https://doi.org/10.1111/2049-632X.12118.

10. de la Fuente-Núñez C, Reffuveille F, Fernández L, Hancock REW. 2013.
Bacterial biofilm development as a multicellular adaptation: antibiotic
resistance and new therapeutic strategies. Curr Opin Microbiol 16:
580–589. https://doi.org/10.1016/j.mib.2013.06.013.

11. Lister JL, Horswill AR. 2014. Staphylococcus aureus biofilms: recent
developments in biofilm dispersal. Front Cell Infect Microbiol 4:178.
https://doi.org/10.3389/fcimb.2014.00178.

12. Flemming HC. 2016. EPS—then and now. Microorganisms 4:E41.
13. Flemming HC, Wingender J. 2010. The biofilm matrix. Nat Rev Microbiol

8:623–633. https://doi.org/10.1038/nrmicro2415.
14. O’Gara JP. 2007. ica and beyond: biofilm mechanisms and regulation in

Staphylococcus epidermidis and Staphylococcus aureus. FEMS Microbiol
Lett 270:179–188. https://doi.org/10.1111/j.1574-6968.2007.00688.x.

15. Arciola CR, Campoccia D, Ravaioli S, Montanaro L. 2015. Polysaccharide
intercellular adhesin in biofilm: structural and regulatory aspects. Front
Cell Infect Microbiol 5:7. https://doi.org/10.3389/fcimb.2015.00007.

16. Formosa-Dague C, Feuillie C, Beaussart A, Derclaye S, Kucharíková S, Lasa
I, Van Dijck P, Dufrêne YF. 2016. Sticky matrix: adhesion mechanism of
the staphylococcal polysaccharide intercellular adhesin. ACS Nano 10:
3443–3452. https://doi.org/10.1021/acsnano.5b07515.

17. Speziale P, Pietrocola G, Foster TJ, Geoghegan JA. 2014. Protein-based
biofilm matrices in staphylococci. Front Cell Infect Microbiol 4:171.
https://doi.org/10.3389/fcimb.2014.00171.

18. Foster TJ, Geoghegan JA, Ganesh VK, Hook M. 2014. Adhesion, invasion
and evasion: the many functions of the surface proteins of Staphylococ-
cus aureus. Nat Rev Microbiol 12:49–62. https://doi.org/10.1038/nr
micro3161.

19. Moormeier DE, Bose JL, Horswill AR, Bayles KW. 2014. Temporal and
stochastic control of Staphylococcus aureus biofilm development. mBio
5:e01341-14. https://doi.org/10.1128/mBio.01341-14.

20. O’Neill E, Pozzi C, Houston P, Humphreys H, Robinson DA, Loughman A,
Foster TJ, O’Gara JP. 2008. A novel Staphylococcus aureus biofilm phe-
notype mediated by the fibronectin-binding proteins, FnBPA and FnBPB.
J Bacteriol 190:3835–3850. https://doi.org/10.1128/JB.00167-08.

21. Christner M, Franke GC, Schommer NN, Wendt U, Wegert K, Pehle P, Kroll
G, Schulze C, Buck F, Mack D, Aepfelbacher M, Rohde H. 2010. The giant
extracellular matrix-binding protein of Staphylococcus epidermidis me-
diates biofilm accumulation and attachment to fibronectin. Mol Micro-
biol 75:187–207. https://doi.org/10.1111/j.1365-2958.2009.06981.x.

22. Ni Eidhin D, Perkins S, Francois P, Vaudaux P, Hook M, Foster TJ. 1998.
Clumping factor B (ClfB), a new surface-located fibrinogen-binding ad-
hesin of Staphylococcus aureus. Mol Microbiol 30:245–257. https://doi
.org/10.1046/j.1365-2958.1998.01050.x.

23. McDevitt D, Francois P, Vaudaux P, Foster TJ. 1994. Molecular charac-
terization of the clumping factor (fibrinogen receptor) of Staphylococcus
aureus. Mol Microbiol 11:237–248. https://doi.org/10.1111/j.1365-2958
.1994.tb00304.x.

24. Merino N, Toledo-Arana A, Vergara-Irigaray M, Valle J, Solano C, Calvo E,
Lopez JA, Foster TJ, Penadés JR, Lasa I. 2009. Protein A-mediated mul-
ticellular behavior in Staphylococcus aureus. J Bacteriol 191:832–843.
https://doi.org/10.1128/JB.01222-08.

25. Nakakido M, Aikawa C, Nakagawa I, Tsumoto K. 2014. The staphylococcal

Kavanaugh et al. ®

May/June 2019 Volume 10 Issue 3 e01137-19 mbio.asm.org 28

 o
n
 J

u
ly

 2
6
, 2

0
1
9
 b

y
 g

u
e
s
t

h
ttp

://m
b
io

.a
s
m

.o
rg

/
D

o
w

n
lo

a
d
e
d
 fro

m
 



elastin-binding protein regulates zinc-dependent growth/biofilm forma-
tion. J Biochem 156:155–162. https://doi.org/10.1093/jb/mvu027.

26. Roche FM, Meehan M, Foster TJ. 2003. The Staphylococcus aureus
surface protein SasG and its homologues promote bacterial adherence
to human desquamated nasal epithelial cells. Microbiology 149:
2759–2767. https://doi.org/10.1099/mic.0.26412-0.

27. Roche FM, Massey R, Peacock SJ, Day NP, Visai L, Speziale P, Lam A,
Pallen M, Foster TJ. 2003. Characterization of novel LPXTG-containing
proteins of Staphylococcus aureus identified from genome sequences.
Microbiology 149:643–654. https://doi.org/10.1099/mic.0.25996-0.

28. Corrigan RM, Miajlovic H, Foster TJ. 2009. Surface proteins that promote
adherence of Staphylococcus aureus to human desquamated nasal
epithelial cells. BMC Microbiol 9:22. https://doi.org/10.1186/1471-2180-9
-22.

29. Josefsson E, McCrea KW, Eidhin DN, O’Connell D, Cox J, Hook M, Foster
TJ. 1998. Three new members of the serine-aspartate repeat protein
multigene family of Staphylococcus aureus. Microbiology 144:
3387–3395. https://doi.org/10.1099/00221287-144-12-3387.

30. Lauderdale KJ, Boles BR, Cheung AL, Horswill AR. 2009. Interconnec-
tions between sigma B, agr, and proteolytic activity in Staphylococ-
cus aureus biofilm maturation. Infect Immun 77:1623–1635. https://
doi.org/10.1128/IAI.01036-08.

31. Bose JL, Lehman MK, Fey PD, Bayles KW. 2012. Contribution of the
Staphylococcus aureus Atl AM and GL murein hydrolase activities in cell
division, autolysis, and biofilm formation. PLoS One 7:e42244. https://
doi.org/10.1371/journal.pone.0042244.

32. Moormeier DE, Bayles KW. 2017. Staphylococcus aureus biofilm: a com-
plex developmental organism. Mol Microbiol 104:365–376. https://doi
.org/10.1111/mmi.13634.

33. Foulston L, Elsholz AK, DeFrancesco AS, Losick R. 2014. The extracellular
matrix of Staphylococcus aureus biofilms comprises cytoplasmic pro-
teins that associate with the cell surface in response to decreasing pH.
mBio 5:e01667-14. https://doi.org/10.1128/mBio.01667-14.

34. Dengler V, Foulston L, DeFrancesco AS, Losick R. 2015. An electrostatic
net model for the role of extracellular DNA in biofilm formation by
Staphylococcus aureus. J Bacteriol 197:3779–3787. https://doi.org/10
.1128/JB.00726-15.

35. Graf AC, Leonard A, Schauble M, Rieckmann LM, Hoyer J, Maass S, Lalk
M, Becher D, Pane-Farre J, Riedel K. 8 March 2019. Virulence factors
produced by Staphylococcus aureus biofilms have a moonlighting func-
tion contributing to biofilm integrity. Mol Cell Proteomics https://doi
.org/10.1074/mcp.RA118.001120.

36. Grilo IR, Ludovice AM, Tomasz A, de Lencastre H, Sobral RG. 2014. The
glucosaminidase domain of Atl—the major Staphylococcus aureus
autolysin—has DNA-binding activity. Microbiologyopen 3:247–256.
https://doi.org/10.1002/mbo3.165.

37. Cheung AL, Nishina KA, Trotonda MP, Tamber S. 2008. The SarA protein
family of Staphylococcus aureus. Int J Biochem Cell Biol 40:355–361.
https://doi.org/10.1016/j.biocel.2007.10.032.

38. Mackey-Lawrence NM, Potter DE, Cerca N, Jefferson KK. 2009. Staphylo-
coccus aureus immunodominant surface antigen B is a cell-surface
associated nucleic acid binding protein. BMC Microbiol 9:61. https://doi
.org/10.1186/1471-2180-9-61.

39. Eisenbeis J, Saffarzadeh M, Peisker H, Jung P, Thewes N, Preissner KT,
Herrmann M, Molle V, Geisbrecht BV, Jacobs K, Bischoff M. 2018. The
Staphylococcus aureus extracellular adherence protein Eap is a DNA
binding protein capable of blocking neutrophil extracellular trap forma-
tion. Front Cell Infect Microbiol 8:235. https://doi.org/10.3389/fcimb
.2018.00235.

40. Zheng Y, Joo HS, Nair V, Le KY, Otto M. 2017. Do amyloid structures
formed by Staphylococcus aureus phenol-soluble modulins have a bio-
logical function? Int J Med Microbiol 308:675–682. https://doi.org/10
.1016/j.ijmm.2017.08.010.

41. Harraghy N, Kormanec J, Wolz C, Homerova D, Goerke C, Ohlsen K, Qazi
S, Hill P, Herrmann M. 2005. sae is essential for expression of the
staphylococcal adhesins Eap and Emp. Microbiology 151:1789–1800.
https://doi.org/10.1099/mic.0.27902-0.

42. Edwards AM, Bowden MG, Brown EL, Laabei M, Massey RC. 2012. Staph-
ylococcus aureus extracellular adherence protein triggers TNFalpha re-
lease, promoting attachment to endothelial cells via protein A. PLoS One
7:e43046. https://doi.org/10.1371/journal.pone.0043046.

43. Bubeck-Wardenburg JB, Otto M, DeLeo FR, Schneewind O. 2007. Poring
over pores: alpha-hemolytsin and Panton-Valentine leukocidin in Staph-

ylococcus aureus pneumonia. Nat Med 13:1405–1406. https://doi.org/10
.1038/nm1207-1405.

44. Kasianowicz JJ, Brandin E, Branton D, Deamer DW. 1996. Characteriza-
tion of individual polynucleotide molecules using a membrane channel.
Proc Natl Acad Sci U S A 93:13770–13773. https://doi.org/10.1073/pnas
.93.24.13770.

45. Forsyth RA, Haselbeck RJ, Ohlsen KL, Yamamoto RT, Xu H, Trawick JD, Wall
D, Wang L, Brown-Driver V, Froelich JM, C KG, King P, McCarthy M, Malone
C, Misiner B, Robbins D, Tan Z, Zhu Zy ZY, Carr G, Mosca DA, Zamudio C,
Foulkes JG, Zyskind JW. 2002. A genome-wide strategy for the identification
of essential genes in Staphylococcus aureus. Mol Microbiol 43:1387–1400.
https://doi.org/10.1046/j.1365-2958.2002.02832.x.

46. Flack CE, Zurek OW, Meishery DD, Pallister KB, Malone CL, Horswill AR,
Voyich JM. 2014. Differential regulation of staphylococcal virulence by
the sensor kinase SaeS in response to neutrophil-derived stimuli. Proc
Natl Acad Sci U S A 111:E2037–E2045. https://doi.org/10.1073/pnas
.1322125111.

47. Rosario-Cruz Z, Eletsky A, Daigham NS, Al-Tameemi H, Swapna GVT,
Kahn PC, Szyperski T, Montelione GT, Boyd JM. 2019. The copBL operon
protects Staphylococcus aureus from copper toxicity: CopL is an extra-
cellular membrane-associated copper-binding protein. J Biol Chem 294:
4027–4044. https://doi.org/10.1074/jbc.RA118.004723.

48. Dumoulin A, Grauschopf U, Bischoff M, Thöny-Meyer L, Berger-Bächi B.
2005. Staphylococcus aureus DsbA is a membrane-bound lipoprotein
with thiol-disulfide oxidoreductase activity. Arch Microbiol 184:117–128.
https://doi.org/10.1007/s00203-005-0024-1.

49. Olson ME, Nygaard TK, Ackermann L, Watkins RL, Zurek OW, Pallister KB,
Griffith S, Kiedrowski MR, Flack CE, Kavanaugh JS, Kreiswirth BN, Horswill
AR, Voyich JM. 2013. Staphylococcus aureus nuclease is an SaeRS-
dependent virulence factor. Infect Immun 81:1316–1324. https://doi
.org/10.1128/IAI.01242-12.

50. Kiedrowski MR, Kavanaugh JS, Malone CL, Mootz JM, Voyich JM, Smeltzer
MS, Bayles KW, Horswill AR. 2011. Nuclease modulates biofilm formation in
community-associated methicillin-resistant Staphylococcus aureus. PLoS
One 6:e26714. https://doi.org/10.1371/journal.pone.0026714.

51. Jeong DW, Cho H, Jones MB, Shatzkes K, Sun F, Ji Q, Liu Q, Peterson SN,
He C, Bae T. 2012. The auxiliary protein complex SaePQ activates the
phosphatase activity of sensor kinase SaeS in the SaeRS two-component
system of Staphylococcus aureus. Mol Microbiol 86:331–348. https://doi
.org/10.1111/j.1365-2958.2012.08198.x.

52. Thoendel M, Horswill AR. 2013. Random mutagenesis and topology
analysis of the autoinducing peptide biosynthesis proteins in Staphylo-
coccus aureus. Mol Microbiol 87:318–337. https://doi.org/10.1111/mmi
.12100.

53. Bubeck-Wardenburg JWW, Missiakas SD. 2006. Host defenses against
Staphylococcus aureus infection require recognition of bacterial lipo-
proteins. Proc Natl Acad Sci U S A 103:13831–13836. https://doi.org/10
.1073/pnas.0603072103.

54. Rice KC, Mann EE, Endres JL, Weiss EC, Cassat JE, Smeltzer MS, Bayles KW.
2007. The cidA murein hydrolase regulator contributes to DNA release
and biofilm development in Staphylococcus aureus. Proc Natl Acad Sci
U S A 104:8113–8118. https://doi.org/10.1073/pnas.0610226104.

55. Mlynek KD, Callahan MT, Shimkevitch AV, Farmer JT, Endres JL, March-
and M, Bayles KW, Horswill AR, Kaplan JB. 2016. Effects of low-dose
amoxicillin on Staphylococcus aureus USA300 biofilms. Antimicrob
Agents Chemother 60:2639–2651. https://doi.org/10.1128/AAC.02070
-15.

56. Kaplan JB, Izano EA, Gopal P, Karwacki MT, Kim S, Bose JL, Bayles KW,
Horswill AR. 2012. Low levels of beta-lactam antibiotics induce extracel-
lular DNA release and biofilm formation in Staphylococcus aureus. mBio
3:e00198-12. https://doi.org/10.1128/mBio.00198-12.

57. Ganeshnarayan K, Shah SM, Libera MR, Santostefano A, Kaplan JB. 2009.
Poly-N-acetylglucosamine matrix polysaccharide impedes fluid convec-
tion and transport of the cationic surfactant cetylpyridinium chloride
through bacterial biofilms. Appl Environ Microbiol 75:1308–1314.
https://doi.org/10.1128/AEM.01900-08.

58. Herbert S, Ziebandt AK, Ohlsen K, Schafer T, Hecker M, Albrecht D,
Novick R, Gotz F. 2010. Repair of global regulators in Staphylococcus
aureus 8325 and comparative analysis with other clinical isolates. Infect
Immun 78:2877–2889. https://doi.org/10.1128/IAI.00088-10.

59. Izano EA, Amarante MA, Kher WB, Kaplan JB. 2008. Differential roles of
poly-N-acetylglucosamine surface polysaccharide and extracellular DNA
in Staphylococcus aureus and Staphylococcus epidermidis biofilms.

eDNA-Binding Proteins in the Biofilm Matrix ®

May/June 2019 Volume 10 Issue 3 e01137-19 mbio.asm.org 29

 o
n
 J

u
ly

 2
6
, 2

0
1
9
 b

y
 g

u
e
s
t

h
ttp

://m
b
io

.a
s
m

.o
rg

/
D

o
w

n
lo

a
d
e
d
 fro

m
 



Appl Environ Microbiol 74:470–476. https://doi.org/10.1128/AEM.02073
-07.

60. Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJ. 2015. The Phyre2
web portal for protein modeling, prediction and analysis. Nat Protoc
10:845–858. https://doi.org/10.1038/nprot.2015.053.

61. Nguyen MT, Kraft B, Yu W, Demicrioglu DD, Hertlein T, Burian M, Schmaler
M, Boller K, Bekeredjian-Ding I, Ohlsen K, Schittek B, Götz F. 2015. The
nuSaalpha specific lipoprotein like cluster (lpl) of S. aureus USA300 contrib-
utes to immune stimulation and invasion in human cells. PLoS Pathog
11:e1004984. https://doi.org/10.1371/journal.ppat.1004984.

62. Shahmirzadi SV, Nguyen MT, Gotz F. 2016. Evaluation of Staphylococcus
aureus lipoproteins: role in nutritional acquisition and pathogenicity.
Front Microbiol 7:1404. https://doi.org/10.3389/fmicb.2016.01404.

63. Schluepen C, Malito E, Marongiu A, Schirle M, McWhinnie E, Lo Surdo P,
Biancucci M, Falugi F, Nardi-Dei V, Marchi S, Fontana MR, Lombardi B, De
Falco MG, Rinaudo CD, Spraggon G, Nissum M, Bagnoli F, Grandi G,
Bottomley MJ, Liberatori S. 2013. Mining the bacterial unknown
proteome: identification and characterization of a novel family of highly
conserved protective antigens in Staphylococcus aureus. Biochem J
455:273–284. https://doi.org/10.1042/BJ20130540.

64. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H,
Shindyalov IN, Bourne PE. 2000. The Protein Data Bank. Nucleic Acids Res
28:235–242. https://doi.org/10.1093/nar/28.1.235.

65. Tateno M, Yamasaki K, Amano N, Kakinuma J, Koike H, Allen MD, Suzuki
M. 1997. DNA recognition by beta-sheets. Biopolymers 44:335–359.
https://doi.org/10.1002/(SICI)1097-0282(1997)44:4%3C335::AID-BIP3
%3E3.0.CO;2-R.

66. Dolinsky TJ, Nielsen JE, McCammon JA, Baker NA. 2004. PDB2PQR: an
automated pipeline for the setup of Poisson-Boltzmann electrostatics
calculations. Nucleic Acids Res 32:W665–W667. https://doi.org/10.1093/
nar/gkh381.

67. Jakob RP, Koch JR, Burmann BM, Schmidpeter PA, Hunkeler M, Hiller S,
Schmid FX, Maier T. 2015. Dimeric structure of the bacterial extracellular
foldase PrsA. J Biol Chem 290:3278–3292. https://doi.org/10.1074/jbc
.M114.622910.

68. Heikkinen O, Seppala R, Tossavainen H, Heikkinen S, Koskela H, Permi P,
Kilpeläinen I. 2009. Solution structure of the parvulin-type PPIase do-
main of Staphylococcus aureus PrsA—implications for the catalytic
mechanism of parvulins. BMC Struct Biol 9:17. https://doi.org/10.1186/
1472-6807-9-17.

69. Terada T, Shirouzu M, Fukumori Y, Fujimori F, Ito Y, Kigawa T, Yokoyama
S, Uchida T. 2001. Solution structure of the human parvulin-like peptidyl
prolyl cis/trans isomerase, hPar14. J Mol Biol 305:917–926. https://doi
.org/10.1006/jmbi.2000.4293.

70. Surmacz TA, Bayer E, Rahfeld JU, Fischer G, Bayer P. 2002. The N-terminal
basic domain of human parvulin hPar14 is responsible for the entry to
the nucleus and high-affinity DNA-binding. J Mol Biol 321:235–247.
https://doi.org/10.1016/S0022-2836(02)00615-0.

71. Siu FK, Lee LT, Chow BK. 2008. Southwestern blotting in investigating
transcriptional regulation. Nat Protoc 3:51–58. https://doi.org/10.1038/
nprot.2007.492.

72. Kumari N, Gotz F, Nguyen MT. 2017. Aspartate tightens the anchoring of
staphylococcal lipoproteins to the cytoplasmic membrane. Microbiolo-
gyopen 6:525. https://doi.org/10.1002/mbo3.525.

73. Schulte T, Mikaelsson C, Beaussart A, Kikhney A, Deshmukh M, Wolniak
S, Pathak A, Ebel C, Lofling J, Fogolari F, Henriques-Normark B, Dufrene
YF, Svergun D, Nygren PA, Achour A. 2016. The BR domain of PsrP
interacts with extracellular DNA to promote bacterial aggregation; struc-
tural insights into pneumococcal biofilm formation. Sci Rep 6:32371.
https://doi.org/10.1038/srep32371.

74. Okshevsky M, Meyer RL. 2015. The role of extracellular DNA in the
establishment, maintenance and perpetuation of bacterial biofilms.
Crit Rev Microbiol 41:341–352. https://doi.org/10.3109/1040841X
.2013.841639.

75. Goodman SD, Obergfell KP, Jurcisek JA, Novotny LA, Downey JS, Ayala
EA, Tjokro N, Li B, Justice SS, Bakaletz LO. 2011. Biofilms can be dispersed
by focusing the immune system on a common family of bacterial
nucleoid-associated proteins. Mucosal Immunol 4:625–637. https://doi
.org/10.1038/mi.2011.27.

76. Jakubovics NS, Shields RC, Rajarajan N, Burgess JG. 2013. Life after death:
the critical role of extracellular DNA in microbial biofilms. Lett Appl
Microbiol 57:467–475. https://doi.org/10.1111/lam.12134.

77. Schenk SL, Laddaga RA. 1992. Improved method for electroporation of
Staphylococcus aureus. FEMS Microbiol Lett 94:133–138. https://doi.org/
10.1016/0378-1097(92)90596-G.

78. Monk IR, Shah IM, Xu M, Tan MW, Foster TJ. 2012. Transforming the
untransformable: application of direct transformation to manipulate
genetically Staphylococcus aureus and Staphylococcus epidermidis.
mBio 3:e00277-11. https://doi.org/10.1128/mBio.00277-11.

79. Boles BR, Thoendel M, Roth AJ, Horswill AR. 2010. Identification of genes
involved in polysaccharide-independent Staphylococcus aureus biofilm
formation. PLoS One 5:e10146. https://doi.org/10.1371/journal.pone
.0010146.

80. Wormann ME, Reichmann NT, Malone CL, Horswill AR, Grundling A.
2011. Proteolytic cleavage inactivates the Staphylococcus aureus lipo-
teichoic acid synthase. J Bacteriol 193:5279–5291. https://doi.org/10
.1128/JB.00369-11.

81. Fey PD, Endres JL, Yajjala VK, Widhelm TJ, Boissy RJ, Bose JL, Bayles KW.
2013. A genetic resource for rapid and comprehensive phenotype
screening of nonessential Staphylococcus aureus genes. mBio 4:e00537
-12. https://doi.org/10.1128/mBio.00537-12.

82. Mootz JM, Benson MA, Heim CE, Crosby HA, Kavanaugh JS, Dunman PM,
Kielian T, Torres VJ, Horswill AR. 2015. Rot is a key regulator of Staphy-
lococcus aureus biofilm formation. Mol Microbiol 96:388–404. https://
doi.org/10.1111/mmi.12943.

83. Kavanaugh JS, Thoendel M, Horswill AR. 2007. A role for type I signal
peptidase in Staphylococcus aureus quorum sensing. Mol Microbiol
65:780–798. https://doi.org/10.1111/j.1365-2958.2007.05830.x.

84. Olson ME, King JM, Yahr TL, Horswill AR. 2013. Sialic acid catabolism in
Staphylococcus aureus. J Bacteriol 195:1779–1788. https://doi.org/10
.1128/JB.02294-12.

85. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T,
Preibisch S, Rueden C, Saalfeld S, Schmid B, Tinevez JY, White DJ,
Hartenstein V, Eliceiri K, Tomancak P, Cardona A. 2012. Fiji: an open-
source platform for biological-image analysis. Nat Methods 9:676–682.
https://doi.org/10.1038/nmeth.2019.

86. Vorregaard M. 2008. Comstat2—a modern 3D image analysis environ-
ment for biofilms. Technical University of Denmark, Kongens Lyngby,
Denmark.

87. Heydorn A, Nielsen AT, Hentzer M, Sternberg C, Givskov M, Ersboll BK,
Molin S. 2000. Quantification of biofilm structures by the novel com-
puter program COMSTAT. Microbiology 146:2395–2407. https://doi.org/
10.1099/00221287-146-10-2395.

88. Wu J, Xi C. 2009. Evaluation of different methods for extracting extra-
cellular DNA from the biofilm matrix. Appl Environ Microbiol 75:
5390–5395. https://doi.org/10.1128/AEM.00400-09.

89. McWilliam H, Li W, Uludag M, Squizzato S, Park YM, Buso N, Cowley AP,
Lopez R. 2013. Analysis tool web services from the EMBL-EBI. Nucleic
Acids Res 41:W597–W600. https://doi.org/10.1093/nar/gkt376.

90. Gouet P, Robert X, Courcelle E. 2003. ESPript/ENDscript: extracting
and rendering sequence and 3D information from atomic structures
of proteins. Nucleic Acids Res 31:3320–3323. https://doi.org/10.1093/
nar/gkg556.

91. Baba T, Bae T, Schneewind O, Takeuchi F, Hiramatsu K. 2008. Genome
sequence of Staphylococcus aureus strain Newman and comparative
analysis of staphylococcal genomes: polymorphism and evolution of
two major pathogenicity islands. J Bacteriol 190:300–310. https://doi
.org/10.1128/JB.01000-07.

Kavanaugh et al. ®

May/June 2019 Volume 10 Issue 3 e01137-19 mbio.asm.org 30

 o
n
 J

u
ly

 2
6
, 2

0
1
9
 b

y
 g

u
e
s
t

h
ttp

://m
b
io

.a
s
m

.o
rg

/
D

o
w

n
lo

a
d
e
d
 fro

m
 


	Identification of Extracellular DNA-Binding Proteins in the Biofilm Matrix.
	Recommended Citation
	Authors

	mBio-2019-Kavanaugh-e01137-19.full.pdf

