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Regulation of icaADBC by IcaR and TcaR in Staphylococcus epidermidis
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Advisor: Paul D. Fey, Ph.D.

Biofilm formation is the primary virulence factor in Staphylococcus epidermidis.
Polysaccharide intercellular adhesin (PIA) is an adhesive molecule and a significant
component of the biofilm matrix. It is synthesized by the products of the icaADBC operon
whose regulation has been shown to involve environmental factors as well as many
transcriptional regulators. Of these regulators, we explored the function of the repressors
IcaR and TcaR and their roles in directly influencing icaADBC transcription and PIA synthesis.
Based on previous observations that icaADBC positive clinical isolates of S. epidermidis are
highly variable in PIA synthesis and biofilm formation, our goal was to further investigate
why this may be. We generated icaR and tcaR mutations in S. epidermidis strain 1457, a high
PIA producing strain, and CSF41498, a low and inducible PIA producing strain. We observed
that icaADBC is primarily regulated by TcaR in 1457 and by IcaR in CSF41498 and this may
be due to icaR being expressed at lower levels in 1457, leading to de-repression of icaADBC.
DNase I footprinting results confirmed that TcaR binds to multiple sequences in the icaR-icaA
intergenic region, including the ica and icaR promoters, providing evidence that TcaR can
repress both icaADBC and icaR transcription. Finally, we generated mutants in CSF41498
exhibiting high PIA synthesis as well as mutants in 1457 that were no longer able to
synthesize high levels of PIA. Sequencing of these mutants provided insight into genes with
potential functions in regulating icaADBC. Overall, our data demonstrate the complexity with
which icaADBC is regulated, especially in regards to IcaR and TcaR, and that icaADBC

regulation is strain specific.
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CHAPTER 1

Introduction



Staphylococcus epidermidis is often isolated from infections in humans and is the most
commonly associated bacteria isolated from infected medical implants (1). The genomes of
S. aureus and S. epidermidis contain only subtle differences, however the former is a major
human pathogen while the latter is generally considered a skin commensal. Upon analysis of
the genomes, it was found that nonsyntenic genes found in S. aureus (and not S. epidermidis)
encoding for enterotoxins, exotoxins, leukocidins, and leukotoxins most likely account for the
difference in pathogenicity (2-4). However, the ability of S. epidermidis to form biofilms gives
it a significant advantage within a host.

BIOFILMS

Biofilms are defined as an aggregation of bacteria formed on the surface of host tissue
or non-biological surfaces such as medical implants. The formation of biofilms allows bacteria
to become more resistant to host immune responses as well as antibiotics. In fact, bacteria
within a biofilm can be up to 1000-fold more resistant to antibiotics than those grown
planktonically (5, 6)). Biofilm infections are difficult to treat and most often require removal
of the infected device, followed by antibiotic therapy and replacement of the device (7, 8).

Though not clearly defined, biofilm formation is generally described as occurring in
four stages beginning with attachment. During this stage, adhesion to foreign surfaces occurs
via nonspecific and hydrophobic interactions mediated by proteins such as AtlE (9).
Additionally, microbial surface components recognizing adhesive matrix molecules
(MSCRAMMs), including SdrG, SdrF, Embp, and SesC, have been shown to bind host serum
proteins that rapidly coat foreign surfaces (10-18) . Next, multiplication and maturation of
the biofilm occurs via synthesis of an extracellular matrix consisting of exopolysaccharides,
teichoic acids, proteins and extracellular DNA (eDNA) (19-24). This matrix allows for
adherence of the cells to each other as well as the attachment surface. During this stage,

channels and other structures are formed that allow for movement of nutrients and waste



throughout the biofilm (25, 26). Moormeier et al. have also identified an additional stage of
biofilm formation whereby, after formation of a confluent “lawn,” a subpopulation of cells
leaves the biofilm allowing the remaining cells to form a mature biofilm tower. This “exodus”
event was found to be nuclease dependent (27). Finally, the dissemination stage is when
detachment and dispersion of the biofilm occurs, resulting in infection of distal sites via the
lymphatic system or the bloodstream (1, 25, 26, 28, 29). Proteases, nucleases, and phenol-
soluble modulins (PSMs) have been shown to be involved in this stage (30-36).
POLYSACCHARIDE INTERCELLULAR ADHESIN

Polysaccharide intercellular adhesin (PIA), or PNAG (poly-f (1,6)-N-
acetylglucosamine), was originally identified in S. epidermidis and S. aureus and has since
been shown to be produced by Gram-negative bacteria as well as some eukaryotes (37-44).
PIA has been well described in the literature as an important biofilm component with
function in accumulation (23, 43, 45-64). S. epidermidis strains expressing PIA have more
robust biofilm structures compared to strains defective in PIA synthesis (48).

PIA is a -1,6-linked poly-N-acetyl-D-glucosamine (PNAG) polymer synthesized by
the products of the icaADBC operon (23,55, 65) . IcaA is an N-acetyl-glucosaminyltransferase
responsible for producing PNAG (50). Although IcaD is thought to enhance, and is essential,
for IcaA activity, the exact function is not known (49). IcaB is an extracellular protein
responsible for partial deacetylation of PIA, allowing for association with the cell surface and
adherence of the cell to various surfaces (53, 66, 67). Finally, the function of IcaC is predicted
to export mature PNAG polymers (50). However, it was recently proposed that IcaC may
function as an O-succinyltransferase due to sequence similarity to a family of
acetyltransferases (68).

ROLE OF PIA IN PATHOGENICITY



In S. epidermidis, the ability to form biofilms is the primary virulence factor and
synthesis of PIA is an important method by which S. epidermidis forms biofilms (64, 69, 70).
Commensal strains do not carry the the icaADBC operon as often as clinical isolates (29, 58,
64, 69, 71-73). 45% of S. epidermidis hospital-associated infections are ica-positive as well as
80% of S. epidermidis strains isolated from prosthetic joint infections (45, 58). In fact, PIA is
essential for facilitating adhesion to medical implants (74). In vivo, PIA has been shown to be
important in a foreign-body-associated infection model in rats as well as a subcutaneous
foreign body infection model in mice (59-61).

While the innate immune system can respond to S. epidermidis infections by
activating the complement system, (75, 76), the presence of PIA, in both planktonic and
biofilm states, have been shown to protect cells from phagocytosis and killing by
polymorphonuclear neutrophils (PMNs) (63, 77-79). A different study found that, when using
anti-PIA IgG, cells in a biofilm exhibit less phagocytic killing compared to planktonically
grown cells (67, 80, 81). Furthermore, Cerca et al. demonstrated that this is true even when
biofilms were dispersed, suggesting that the biofilm matrix itself does not provide protection
against antibody-mediated phagocytosis and killing (82). Finally, PIA has been shown to
protect cells against human antimicrobial peptides and S. epidermidis clinical isolates
carrying icaADBC were resistant to multiple classes of antibiotics (45, 83). These data suggest
that PIA has function to protect S. epidermidis from attack by the host immune system, as well
as against antibiotics.

REGULATION OF icaADBC

The icaADBC operon is tightly regulated by numerous environmental and
transcriptional regulators (Figure 1.2). Anaerobic growth, certain antibiotics, and
environmental stresses can influence expression of ica, and thus PIA synthesis (84-86).

Multiple studies have found that the presence of NaCl (4-10%) or ethanol (4%) induces



expression of icaADBC (87, 88). Additionally, shear stress has been found to be involved in
regulation of the ica operon. Weaver et al. has reported that, in PIA-positive strains, biofilms
grown under high shear flow contain streamers and are more web-like compared to the
homogenous biofilms grown under low shear. Additionally, these investigators found that an
ica-positive strain was unable to synthesize PIA unless in the presence of shear flow (89).
Furthermore, a higher percentage of S. epidermidis strains isolated from high shear
environments (such as intravascular catheters) carry icaADBC compared to those from low
shear environments (such as cerebral spinal fluid shunts). Finally, transcription of icaA is
significantly higher in biofilms grown under high flow compared to low flow (48, 90)
suggesting that PIA is advantageous for colonization and formation of biofilm in high shear
environments.

Metabolism. The regulation of PIA also depends on the metabolic state of the cell.
During nutrient rich conditions, the TCA cycle is inactive and the intracellular concentration
of glucose-6-phosphate is high, resulting in overflow metabolism channeling carbon towards
PIA synthesis (62, 91). In addition, TCA cycle activity regulates icaADBC transcription, likely
indirectly via regulators responding to the metabolic status of the cells (91). Sadykov et al.
has shown that inactivation of the TCA cycle leads to increased icaR, sigB, and sarA mRNA
levels suggesting that at least one of these known icaADBC regulators respond to changes in
the TCA cycle to regulate icaADBC (91). Another possible regulator is catabolite control
protein A (CcpA) which has been shown to be a minor activator of PIA synthesis when the
TCA cycle is inactive (91, 92). Furthermore, CcpA has been shown to both regulate and is
regulated by TCA cycle activity (93-96). However, further studies are required to confirm
whether CcpA is in fact regulating icaADBC in response to the TCA cycle.

oB. The alternative sigma factor oB regulates stress response in low GC content Gram-

positive bacteria, including staphylococci (97-99). o8B regulates cellular responses to stresses



including heat, high osmolarity, extreme pH, ethanol, oxidizing agents, and shear stress (100,
101). Within staphylococci, the 6B operon consists of rsbU, rsbV, rsbW, and sigB. Under normal
conditions, RsbW binds oB. Under stressful conditions, RsbU dephosphorylates RsbV,
allowing RsbV to bind RsbW and releasing o8 from the complex (97, 102). Microarray studies
in S. aureus have shown that the oB regulon is vast, consisting of about 250 genes (103, 104).

Considering the role of environmental factors in biofilm formation and PIA synthesis,
itis not surprising that oB positively regulates icaADBC. A mutant defective in oBfunction has
decreased cell aggregation and PIA synthesis, most likely due to increased icaR transcription
and decreased icaADBC transcription (84, 105). However, no recognition sequence for oB was
found in the icaR-icaADBC intergenic region, suggesting that this regulation is indirect and
involves additional, yet unidentified, factors (46, 106).

IcaR. Upstream of the ica operon is the divergently transcribed icaR gene, a member
of the TetR family of transcriptional regulators encoding a transcriptional repressor of
icaADBC (88, 107). Like other members of this family, IcaR regulates transcription by binding
to the promoter region. Specifically, electrophoretic mobility shift assay (EMSA) and
computer modeling have identified a 22-24 bp sequence in the ica promoter region where
IcaR is proposed to bind (108). Structural studies have shown that IcaR binds as two
homodimers to DNA. Moreover, this sequence overlaps with the icaADBC transcriptional start
site which is located at the adenosine 29 nucleotides upstream of the icaA start codon (50)
(Figure 1.1).

IcaR does not regulate its own expression (88, 109) and has been shown to be
regulated by several regulators (discussed below), including oB. When o8 is inactivated, icaR
transcription is increased and icaA transcription is abolished, indicating that o® regulation of

icaADBC involves repression of icaR. Moreover, the presence of NaCl and ethanol can repress



icaR although repression of icaR by NaCl involves oB while repression by ethanol is oB-
independent (84, 87, 88, 105).

TcaR. TcaR (teicoplanin-associated locus regulator) belongs to the family of MarR
transcriptional regulators whose function involves teicoplanin and methicillin resistance
(110). Like other members of the MarR family, TcaR binds to DNA as a dimer and this
interaction can be inhibited by antibiotics, including gentamicin, streptomycin, and
kanamycin (111). TcaR has been shown, in S. aureus, to regulate expression of the cell wall-
anchored proteins Spa and SasF, as well as SarS§, a regulator of virulence factors, as well as
IcaADBC (110, 112). TcaR has been reported to have three putative binding sequences in the
icaR-icaA intergenic region (Figure 1.1), showing that TcaR functions as a direct repressor
(111, 113). Further knowledge regarding TcaR and its role in regulating icaADBC and PIA
synthesis is limited.

SarA. The staphylococcal accessory regulator SarA, regulates a large number of
virulence factors including the accessory gene regulator agr, a quorum sensing system
important for colonization (114-116). In addition, SarA has been shown to be necessary for
ica expression and PIA synthesis in both S. aureus and S. epidermidis (109, 117-120)). Of the

three sarA promoters,



one has been shown to be oB-dependent. However, it has been demonstrated that oB-
dependent regulation of sarA does not affect PIA synthesis, indicating that 0B and SarA
regulation of icaADBC is independent of each other (106, 121).

Other icaADBC regulators

Rbf. Rbf (regulator of biofilm formation) regulates biofilm by activating sarX, leading
to repression of icaR and de-repression of icaADBC in S. aureus (122, 123). However, in S.
epidermidis, Rbf regulates icaADBC by repressing sarR and sarX, which encode for a repressor
and an activator of icaADBC, respectively. Rbf regulation of icaADBC in S. epidermidis occurs
independent of IcaR (124, 125).

SrrAB. Staphylococcal respiratory response is a two-component signal transduction
system that functions during anaerobic conditions to regulate genes involved in virulence
(126). Deletion of srrAB in S. epidermidis causes impaired biofilm formation. In this same
study, microarray results showed that transcription of icaR and icaA were decreased in a
srrAB mutant in microaerobic conditions. However, in oxic conditions, icaR is upregulated
and icaADBC is downregulated in the srrAB mutant (127). These data suggest that SrrAB
regulates icaR and icaADBC in an oxygen-dependent manner.

ArlIRS. In S. aureus, the two-component signal transduction system ArlIRS is a global
regulator of virulence genes, including capsule formation, biofilm formation, protein A, and
a-toxin (128, 129). In S. epidermidis, ArIR was shown to bind directly to the icaR-icaA
intergenic region, resulting in repression of icaR and de-repression of icaADBC (130).

CodY. In an effort to understand CodY regulation of virulence factors in S. aureus,
Majerczyk et al. found that icaADBC is repressed by CodY during exponential phase, leading

to
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icaR
‘—| icaR +1

tatctttcaattctaaaatctccecctiaticaatttictaaaaatatattacagaaaaattaagitaaaatlacaaatattactgtitcagtata
acaacattctatigcaaattgaaatactitcgattageatatgetttacaacctaactaacgaaaggtaggtgaaaaaatgcatgtatt

icaA +1 )
icaA

Figure 1.1 Sequence of the icaR-icaA intergenic region. IcaR binding site is in blue, the three
proposed TcaR binding sites are in green. Transcriptional start sites for icaR and icaA are marked
with +1 and underlined.
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decreased PIA synthesis. Furthermore, transcription of icaR was not altered in the codY
mutant, indicating that CodY regulation of icaADBC occurs independently of IcaR (131). While
a canonical CodY box was identified in icaB, it remains to be determined whether CodY
repression of icaADBC is direct or indirect (132). It is unclear whether CodY plays a similar
role in S. epidermidis.

AI-2. Autoinducer-2, synthesized by LuxS is a family of small, diffusible molecules
with function in quorum-sensing (133). In S. aureus, Al-2 indirectly activates icaR by
repressing rbf, leading to repression of icaADBC and biofilm formation (123, 134, 135). In
contrast, in S. epidermidis, Al-2 has been shown to upregulate icaADBC expression via
repression of icaR (136).

Spx. Spx is a global regulator that functions by interacting with the a subunit of RNA
polymerase and tightly regulated, post-transcriptionally, by the protease ClpP (137, 138). A
spx mutant was shown to exhibit increased biofilm formation as a result of decreased icaR
transcription and increased icaADBC transcription (138).

RELEVANCE OF PIA

While PIA has been shown to be important for biofilm formation (as discussed above),
many studies have reported that icaADBC is not present in all S. epidermidis strains. In fact,
less than half of clinical isolates carry this operon (45, 64, 72, 90, 139-141), suggesting that
the ability to synthesize PIA is not always necessary for causing disease. Multiple
investigators have also shown that the ica operon can be easily lost within a population. For
example, Brooks and Jefferson found that a constitutive PIA hyper-producing mutant of S.
aureus easily gained mutations resulting in loss of PIA production. One such mutation, a
tetranucleotide repeat indel in icaC, occurred most often and can also be found in clinical

isolates of S. aureus (142). Ziebuhr et al.
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Figure 1.2 Regulators of icaR and icaADBC. Schematic of icaR and icaADBC with known
regulators (ovals). Red hammerheads indicate repression, green arrows indicate
activation, and dashed line indicates regulation could be direct or indirect.
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reported that 30% of biofilm negative variants they studied were the result of movement of
the mobile genetic element IS256 into icaADBC, most preferably icaC (143). This same study
also showed that PIA negative mutants occurred at a rate of about 10-5 which is in agreement
with other reports that the ability to synthesize PIA is easily lost (64, 144, 145). These data
suggest that the presence of the ica operon, and the ability to synthesize PIA, is not essential
for virulence. While numerous studies have reported the importance of PIA synthesis, it is
not well understood when and why it would be advantageous to lose this ability. However, it
is clear that there are certain conditions in which it is not beneficial to make PIA. In a study
performed by Rogers et al., the forearms of healthy human participants were inoculated with
either S. epidermidis wild-type or the icaA mutant. After 10 days, it was found that the mutant
survived better on the skin than wild-type. Similarly, other studies have reported that,
compared to S. epidermidis isolates that cause disease, the ica operon is not as prevalent in
commensal strains of healthy individuals (64, 72, 73).
Additionally, the presence of the ica operon does not always correlate with PIA synthesis (58,
64,90, 146-148). In agreement with this, Schaeffer et al. analyzed a very large collection (105)
of S. epidermidis clinical isolates and found that amongst strains that are ica-positive (36),
only 24 (~67%) actually synthesize PIA (90) suggesting that S. epidermidis is tightly
regulating PIA. This provides further evidence that synthesis of PIA is not always favorable.
Investigations into PIA has shown that it is a significant component of biofilm
formation and plays a major role in the ability of S. epidermidis to interact with the host
immune system and cause disease. However, there is also evidence showing that icaADBC can
be detrimental to bacterial fitness in certain environments. For this reason, it is important for
S. epidermidis to carefully regulate icaADBC and control when PIA is synthesized. Since IcaR

and TcaR have been shown to directly regulate icaADBC, we hypothesize that the variation in
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icaADBC expression and PIA synthesis in S. epidermidis is due to the absence of icaR or tcar

expression.



CHAPTER 2

Materials and methods
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Bacterial culture conditions. Bacterial strains and plasmids are listed in Table 2.1.
Escherichia coli was grown in Luria-Bertani broth (LB) (Becton Dickinson Difco; Franklin
Lakes, NJ) and Staphylococcal strains were cultured using Tryptic Soy Broth (TSB) (Becton
Dickinson Difco). LB and TSB agar plates (LBA, TSA respectively) were prepared by
autoclaving LB or TSB with 0.5% (w/v) agar (Becton Dickinson Difco) and mixing thoroughly.
Antibiotics were used at the following concentrations: 10 pg/mL chloramphenicol (Cam), 10
pg/mL tetracycline (Tet), and 10 pg/mL trimethroprim (Tmp), 10-50 pg/mL erythromycin
(Erm), 100 pg/mL kanamycin (Kan). These same concentrations were also used to grow E.
coli with the exception of Kan (50 pg/mL), Erm (500 pg/mL), and ampicillin (Amp, 50
png/mL). Cultures were grown aerobically (1:10 media-to-flask ratio, 250 rpm) or micro-
aerobically (3:5 media-to-flask ratio, 125 rpm) at 37°C or 30°C (for temperature sensitive
strains).

Phage propagation and transduction. Bacteriophage propagation: S. epidermidis
carrying marker to be transduced were grown on TSA plates (with antibiotic if appropriate),
resuspended in 100 pL of sterile saline or TSB to ~1010 CFU/mL. Bacteriophage (®A6C, 71,
or ®187) were serial diluted up to 107 in either sterile saline or TSB. 100 pL of each
bacteriophage dilution and 10 pL of cell suspension were added to 5-mL snap cap polystyrene
tubes. Finally, 4 mL of warm, melted soft agar (0.5% w/v in TSB) was added and tubes were
inverted several times to mix, then poured onto fresh CaCl; plates, allowed to solidify, and
stored in 30°C incubator upright overnight. On the following day, bacteriophage was
harvested by adding 2-3 mL of sterile TSB to each confluent plate. The soft agar was broken
up, collected in a 15- or 50-mL centrifuge tube, and centrifuged at 5000 RPM for 10 minutes.
The phage lysate was filter sterilized with a 0.22 um filter and stored at 4°C.

Transduction: Transduction was performed using bacteriophages ®A6C, ®71, or

@187 (149, 150) following a modified method previously described (151). Recipient cells
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were resuspended in a 15-mL centrifuge tube containing 1.5 mL of TSB+ 5 mM CaCl, and 500
uL of high titer bacteriophage (>108 PFU/mL). This was incubated, with shaking, for 20
minutes at 37°C (30°C for temperature sensitive plasmids), then 1 mL of cold (4°C) 0.02 M
sodium citrate was immediately added and centrifuged at 5000 RPM for 10 minutes. The
supernatant was discarded, the pellet resuspended in 0.02 M sodium citrate, plated on TSA +
500 mg/L sodium citrate + appropriate selecting antibiotic and incubated at 37°C (or 30°C).

SOE PCR. Splicing by overlap extension (SOE) PCR was used to clone a promoter to a
different gene without the addition of enzyme restriction sites. Specifically, in this study,
PsarA was cloned to icaR and tcaR (to generate pNF332 and pNF333) and lacZ was cloned to
Pica (pNF291). The reverse primer amplifying the promoter carried 15-25 bp of the gene,
allowing for overlap and annealing of this PCR product to the PCR products of the genes.
Likewise, the forward primer amplifying the genes carried 15-25 bp of the 3’ end of the
promoter. The promoter and genes were amplified separately by PCR using Pfurther Long-
Range DNA Polymerase (Monserate Biotechnology Group) then the two products were
diluted, added 1:1 to a new PCR reaction (as the template) and amplified again using the
forward promoter primer and the reverse primer for the genes. The joined products were
used to generate allelic exchange plasmids as described below.

Construction of tcaR allelic replacement plasmid. All PCR reactions were
performed with Pfurther Long-Range DNA Polymerase (Monserate Biotechnology Group; San
Diego, CA). Primers 2038+ 2039 (BamHI, Xbal) and 2015+ 2016 (Sall, PstI) (Table 2.2) were
used to amplify the 5’ region and 3’ region, respectively, of tcaR using S. epidermidis 1457 as
the template DNA (GenBank accession number CP020463.1). These sequences were inserted
into the pUC19 multiple cloning site using the corresponding restriction enzyme sites. The
dhfr cassette (conferring for trimethroprim resistance) was amplified with primers 2234+

2235 and inserted between the 5’ and 3’ tcaR sequences using Sall and Xbal. This construct



17

was then digested with Pstl and ligated into pROJ6448 to generate pNF263. Cloning was
performed in E. coli DH5a and the complete pNF263 plasmid was electroporated into
electrocompetent S. aureus RN4220 (152, 153). Plasmid DNA was then isolated from RN4220
and electroporated into electrocompetent S. epidermidis 1457 and transduced into CSF41498
via bacteriophage ®A6C.

Construction of icaR and tcaR complementation plasmids. All PCR reactions were
performed with Pfurther Long-Range DNA Polymerase (Monserate Biotechnology Group).
Primers 3090 (Kpnl) and 3091 (icaR) or 3092 (tcaR) were used to amplify the sarA promoter
(Table 2.2). The icaR and tcaR open reading frames were amplified with primers 3093+ 2697
(BamHI) and 3094+ 3095 (BamHI) (respectively). Because these genes were driven by the
constitutive sarA promoter (instead of their native promoter), SOE PCR was performed to
ensure the sarA promoter could be cloned to the gene without introduction of restriction
enzyme recognition sites. The SOE PCR generated products were inserted into pCL10 using
Kpnl and BamHI. The 5’ and 3’ regions of the lipase gene were amplified with primers 3096+
3097 (Sall, Xbal) and 3098+ 3099 (Kpnl, Sacl), respectively. A kanamycin resistance cassette
was amplified with primers 3088 (BamHI)+ 3089 (Xbal) and inserted between the 5’ and 3’
lipase sequences to generate pNF332 (icaR) and pNF333 (tcaR). These plasmids were
constructed in E. coli DH5q, electroporated into electrocompetent PS187 AhsdR AsauUSI, then
transduced into S. epidermidis 1457 using bacteriophage ©187.

Construction of gdpP allelic exchange plasmid. All PCR reactions were performed
with Pfurther Long-Range DNA Polymerase (Monserate Biotechnology Group). The 5’ and 3’
regions of gdpP were amplified with primers 3227 (Sacl)+ 3228 (Kpnl) and 3229 (Kpnl)+
3230 (Sall), respectively. A kanamycin resistance cassette was amplified with primers 3088

(BamHI)+ 3089 (Xbal). These PCR products were inserted into pCL10 using the indicated
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restriction enzyme sites in E. coli DH5a to generate pNF353 which was subsequently
electroporated into S. aureus PS187 and transduced into 1457 using ®187.

Allelic exchange. S. epidermidis strains carrying the cloning vector was inoculated
into culture tubes containing TSB+ antibiotic, allowed to grow at 30°C, shaking, until
approximately mid-exponential phase. This culture was then inoculated 1:1000 into a fresh
culture tube containing TSB only and grown at 45°C overnight. Cultures were diluted 1:1000
in fresh TSB every day until single recombinants were identified as follows. Starting on the
third day, cultures were serial diluted and plated on TSA+ antibiotic and grown at 45°C. These
plates were then patched onto TSA+ antibiotic. PCR was used to identify single recombinants
(one primer should be located outside recombination region and one primer should be within
antibiotic marker). Single recombinants were inoculated into fresh culture tubes and grown
as described above to generate double recombinants. To identify double recombinants,
colonies were patched onto TSA+ mutant antibiotic marker (or just TSA if markerless
mutant) and TSA+ vector antibiotic marker. Double recombinants were confirmed by PCR
using primers located outside recombination region. When possible, mutations were
backcrossed into a clean background using @71 or ®A6C and confirmed by pulsed-field gel
electrophoresis.

Alternative method: S. epidermidis carrying cloning plasmid was streaked onto TSA+
antibiotic and grown at 45°C. When grown, a few colonies (big ones if there is a size
difference) were selected and streaked onto TSA+ antibiotic and grown at 45°C. This was
repeated twice more before colonies were patched onto TSA+ antibiotic and grown at 45°C.
Single recombinants were patched and screened using PCR (as described above). Single
recombinants were inoculated into culture tubes containing TSB and grown at 30°C, shaking,

and diluted 1:1000 every day. Starting on the fifth day, cultures were plated onto TSA and
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grown at 30°C. Individual colonies were patched onto TSA and double recombinants are
identified as described above.

Generation of Pica::GFP reporters. Primers 1803 and 1804 were used to amplify
the ica promoter using 1457 genomic DNA as template. The PCR product was cloned into the
BamHI and Nhel sites of plHW4 (carrying a gene encoding for superfolder GFP) in E. coli. to
generate pNF206. The constructed reporter plasmid was electroporated into RN4220 and
subsequently electroporated into 1457. Finally, pNF206 was transduced from 1457 pNF206
into 1457 AicaR, 1457 AtcaR, and 1457 AicaR AtcaR using ®71.

Generation of IcaR and TcaR overexpression strains. Primers 2692 (Ndel)+ 2357
(BamHI) and 2358 (Ndel)+ 2359 (BamHI) were used to amplify the open reading frames of
icaR and tcaR, respectively, using 1457 genomic DNA as template with Pfurther Long-Range
DNA Polymerase (Monserate Biotechnology Group). These PCR products were inserted into
the protein expression vector pET15b, using the indicated restriction enzyme sites, in E. coli
BL21/DE3 to generate pNF290 (IcaR) and pNF292 (TcaR). pNF292 was transformed into
chemically competent E. coli Arctic Express for overexpression experiments.

Expression and purification of recombinant proteins. IcaR (BL21/DE3 pNF290)
was induced using Auto-induction media (adapted from (154)) for 18 hours at 37°C
aerobically. To induce TcaR, Arctic Express pNF352 was grown in LB+ ampicillin aerobically
at 37°C to 0De0o=0.6 then induced with 1 mM IPTG for 3 hours. Induced cultures were then
pelleted at 4°C and resuspended in equilibrium buffer (1:20) containing protease inhibitors
(4 mM PMSF, 1 mM NEM, 25 mM EACA). Cells were passaged through an EmulsiFlex C3
(Avestin; Ontario, Canada) three times to lyse cells. Samples were then centrifuged at 4°C and
supernatants incubated with 1 mL of HisPur cobalt resin (Pierce Biotechnology; Rockford, IL)
overnight on an end-over-end mixer at 4°C. Resin was then washed and eluted following

manufacturer instructions. Purified proteins were concentrated at 20°C using a Vivaspin
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10,000 MWCO column (Sartorius AG; Gottingen, Germany) and stored in phosphate buffered
saline (PBS) with 30% glycerol at -20°C.

Pulsed-field gel electrophoresis. Strains of interest, grown on plates or in liquid
culture, were resuspended in PIV buffer to ODsgo=1.0. A mix of 10 pL of 1 mg/mL Lysostaphin,
200 pL of cell resuspension, and 200 pL hot, melted 1.5% agarose (in 1x TE) was prepared
and quickly pipetted into plug molds. Once the plugs hardened, they were removed from the
mold and placed into a 15-mL conical tube containing EC buffer and incubated at 37°C for 3-
6 hours. The EC buffer was then removed and the plugs were washed with 5 mL of DI water
at 54°C for 15-30 minutes twice, then washed three times in the same manner with 1x TE
buffer. Plugs were stored in 1x TE buffer at 4°C.

A master mix of digest reaction (1x buffer, 1 uL of Smal (Thermo Fisher; Waltham,
MA), and water) was prepared. Each plug was cut to the appropriate size and added to a
microcentrifuge tube containing 150 pL of digest reaction and incubated at room
temperature for >3 hours. After digestion, plugs were set in a 1% agarose gel and
electrophoresed in 0.5X TBE at 6 V/cm for 18 hours, at 18°C (5.0 sec initial switch time, 40
sec final switch time) using the CHEF-DR III System (Bio-Rad Laboratories; Hercules, CA).
Gels were stained with ethidium bromide and visualized by UV exposure.

RNA isolation. Overnight cultures grown in TSB were diluted into flasks containing
TSB to an ODgpo= 0.05 and grown micro-aerobically. Cells were collected at the appropriate
time points, pelleted at 4°C (5000 RPM), and resuspended in 900 uL. of RLT buffer (containing
10% B-mercaptoethanol) (Qiagen). Cells were disrupted using a Bead Ruptor 24 (speed=6.0,
25 sec x2) (Omni International; Kennesaw, GA) and pelleted at 13,000 RPM for 10 minutes at
4°C. The supernatant was added to 500 pL of ethanol and RNA was isolated using the RNEasy

Mini kit following manufacturer’s protocol (Qiagen; Hilden, Germany). Purified RNA was
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eluted in 40 pL of RNase-free water, quantified using a NanoDrop 2000 Spectrophotometer,
and stored at -80°C.

Northern blot. RNA gel was prepared with 1% agarose in 1x AccuGENE MOPS buffer
(Lonza; Rockland, ME) and 1% formaldehyde. RNA (3-5 pg) was added to 1x RNA loading
buffer and heated to 75°C for 15 minutes prior to loading onto gel. Voltage is applied at 70
volts for 10 minutes then 50 volts for 7 hours in 1x AccuGENE MOPS buffer.

RNA was transferred to positively-charged nylon membrane (Roche; Basel,
Switzerland) with 20X SSC buffer overnight. RNA was crosslinked to the membrane using a
Stratalinker UV Crosslinker (Stratagene; La Jolla, CA) set to auto-crosslink and prehybridized
in DIG Easy Hyb Buffer (Roche) for 2 hours at 50°C.

DNA probes were Digoxigenin (DIG) labeled by PCR with DIG DNA Labeling Mix
(Roche), boiled for 10 minutes to denature, added to DIG Easy Hyb Buffer, and incubated with
the blot overnight at 50°C. After hybridization, blots were washed twice in 2X SSC/0.1% SDS
and twice more with 0.1X SSC/0.1% SDS heated to 55°C. After washing blot with 1x Washing
Buffer (DIG Wash and Block Buffer Set, Roche) for 2 minutes at room temperature, the blot
was blocked in 1X Blocking Solution for 30 minutes at room temperature. Anti-Digoxigenin-
AP Fab (Roche) was diluted 1:10,000 in 1X Blocking Solution and incubated with the blot for
1 hour at room temperature. Blot was washed with 1X Washing Buffer for 15 minutes twice
at room temperature, incubated with ECF chemiluminescent substrate (GE Healthcare Life
Sciences; Piscataway, NJ) for 20-30 minutes and visualized on a Typhoon FLA 7000 (GE
Healthcare Life Sciences).

Quantitative real-time PCR. 500 ng of total RNA was converted to cDNA with the
QuanTect Reverse Transcription Kit (Qiagen) and diluted 1:50 in RNase-free water. Primers
were diluted to a concentration of 5 UM each and combined. 10 uL of diluted cDNA was

combined with 2 pl of combined primers, 8 uL. RNase-free water, and 20 pL LightCycler 480
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Sybr green [ master mix (Roche). The reaction was divided into two wells (19 pL each) of a
white 96-well conical plate. Real-time PCR was performed on a Roche LightCycler 480 II.
Quantified expression values were normalized to gyrB expression levels and reported as fold-
change compared to wild-type.

PIA immunoblot assay. Bacterial cultures were collected to an adjusted ODggo=5,
pelleted by centrifugation (5000 RPM, 5 minutes), resuspended in 500 pL of TE buffer and
boiled for five minutes. Cells were again pelleted by centrifugation and 190 pL of the
supernatant was moved to a new tube containing 10 pL of proteinase K. After incubation at
37°C for one hour, proteinase K was inactivated by boiling for an additional 10 minutes and
isolated PIA samples were stored at -20°C.

PIA preparations were diluted 1:10 and 1:100 in tris buffered saline (TBS). 100 pL of
each dilution was applied to a 0.45 pm nitrocellulose membrane (Bio-Rad Laboratories)
using a Bio-Dot Microfiltration Apparatus (Bio-Rad Laboratories). Membrane can be air-
dried and stored at 4°C.

Membrane was hydrated in TBS and blocked with 5% milk (powdered, w/v) in TBS
+0.01% tween-20 (T-TBS) for 2-4 hours at room temperature, then incubated with anti-PIA
primary antibody (gift from Jim 0’Gara) (1:20,000 in 1% milk in T-TBS) overnight at 4°C.
After washing three times with T-TBS, the blot was incubated with alkaline phosphatase-
conjugated goat anti-rabbit secondary antibody (Jackson Immunoresearch; West Grove, PA)
(1:25,000 in T-TBS) for one hour, at room temperature, before detection with ECF
chemiluminescent substrate (GE Healthcare Life Sciences) and visualization on a Typhoon
FLA 7000 (GE Healthcare Life Sciences).

Static biofilm assay. A 96-well flat bottom Delta Surface plate (Corning) was filled
with 198 puL of sterile TSB and inoculated with 2 pL of cells (from an overnight culture or

resuspended from a plate to ~ODeo=1.0 in TSB or PBS). Cultures were grown statically at
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37°C for ~24 hours. Media were removed and wells were washed with PBS three times. Plates
were dried (inverted) at 45°C for 2 hours and stained with 150 pL of crystal violet stain for
15 minutes at room temperature. Stain was removed and plate was washed under running
water until water runs colorless. Crystal violet stain was solubilized with 95% ethanol for
more consistent quantification on a plate reader (ODsos).

BioFlux biofilm assay. S. epidermidis strains were grown overnight micro-
aerobically and diluted to ODgpo=0.8 in 50% TSB. Channels of a BioFlux1000 48-well plate
were primed by adding 200 pL 50% TSB to the output wells and reversing flow for 5 minutes
at 5.0 dynes/cm? using a BioFlux1000 microfluidic system (Fluxion Biosciences, Inc., San
Francisco, CA). The excess TSB was removed and the channels were seeded by adding the
diluted cultures to the output wells and pumping backwards through the channels at 2.0
dynes/cm? for 2 seconds. The plates were incubated at 37°C for 1 hour to allow cells to adhere
to the channel surface. The output wells were then emptied and 1.3 mL of fresh 50% TSB was
added to the input wells. The assay was initiated by pumping media at a rate of 0.6 dynes/cm?
at 37°C for 18 hours. Bright-field and epifluorescence images (using a FITC filter) were
acquired every 5 minutes.

Hemocyanin conjugation. Hemocyanin (Hcy; Sigma) was dissolved in NaHCO3 to a
concentration of 5 mg/mL and 1 mg was combined with 1 mg of IcaR antigen (molar ratio
should be 120:1 IcaR:Hcy). Glutaraldehyde (Grade II; Sigma) was prepared in NaHCO3z to a
concentration of 25 mM and 100 pL was added to Hcy+Icar mix and incubated overnight at
room temperature.

Western blot analysis. Concentration of protein samples were determined using a
NanoDrop 2000 Spectrophotometer (Thermo Scientific) or with Bradford assay. Samples
were adjusted for equal protein amount (100 ug total protein for cell lysates, 50 ng for

purified proteins) and mixed with 4x SDS loading buffer, denatured at 95°C for 10 minutes,
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then loaded on a 14% SDS-PAGE gel. Current was applied at 50 volts for 30 minutes and 150
volts until dye front reaches bottom of gel. Proteins were transferred onto a PVDF membrane
in cold 1x transfer buffer, at 100 volts for 1 hour. Membrane was then washed briefly with T-
TBS, blocked with 5% milk in T-TBS for 2-4 hours at room temperature, then incubated with
primary antibody (anti-IcaR serum) (1:1000 in 1% milk in TBS-T) at 4°C overnight. After
washing membrane T-TBS three times, the blot was incubated with HRP-conjugated goat
anti-rabbit secondary antibody (Jackson Immunoresearch) (1:25,000 in TBS-T) for 1 hour at
room temperature. Finally, the membrane was washed three times with T-TBS. Detection was
performed with SuperSignal West Pico chemiluminescent substrate (Thermo Scientific) and
Azure C600 imaging system (Azure Biosystems; Dublin, CA) or by autoradiography film.

Electrophoretic mobility shift assay (EMSA). Primers 2850, 2851 were used to
amplify the ica promoter carrying a fluorescein tag. Increasing concentrations (100-1000
pmol) of recombinant IcaR and TcaR were incubated with labeled DNA in binding buffer (20
mM Tris-HCI pH 8.0, 150 mM KCl, 0.1 mM MgCl,, 0.05 mM EDTA, 12.5% glycerol, 10 mM DTT,
1 mg/mL BSA) for 30 minutes at room temperature. 10 pL of 10 mg/mL salmon sperm DNA
was added as noncompetitive DNA. 15.8 pM of unlabeled DNA (amplified with primers 2865,
2851) was added as competitive DNA. After incubation, loading buffer was added to each
reaction and loaded onto a 6% polyacrylamide gel (0.5X TBE, 0.2% glycerol, 6% Bis-
acrylamide, TEMED, APS). Samples were electrophoresed in 0.5%X TBE and visualized on a
Typhoon FLA 7000 (GE Healthcare).

Generation of P321labeled DNA. Primer 2855 was labeled with P32 by incubating it
with 10x kinase buffer, T4 polynucleotide kinase, and 32P-ATP for 30 minutes at 37°C. The
primer was then precipitated with ammonium acetate, glycogen and ice cold ethanol,

incubated on dry ice for 10 minutes, pelleted by centrifugation, and washed with cold 70%
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ethanol. A SpeedVac concentrator (Thermo Scientific) attached to a vacuum pump was used
to dry the pelleted, labeled primer.

The icaR-icaA intergenic region was amplified using labeled primer 2855 and
unlabeled primer 2965 and HiFi Platinum Taq polymerase (Invitrogen; Carlsbad, CA) with
1457 genomic DNA as the template. Labeled PCR product was cleaned using the Wizard SV
Gel and PCR Clean-up System (Promega; Madison, WI).

DNase I footprinting assay. Labeled DNA was incubated with protein in binding
buffer (20 mM Tris-HCl pH 8.0, 150 mM KCl, 0.1 mM MgCl,, 0.05 mM EDTA, 12.5% glycero],
10 mM DTT, 1 mg/mL BSA), to a final volume of 20 pL, for fifteen minutes at room
temperature. 20 pL of 5 mM CaClz/ 10 mM MgCl; was added to each reaction followed by 10
uL of diluted DNase I. 100 pL STOP buffer (0.125% SDS, 12.5 mM EDTA, 3 mg/mL glycogen)
was added exactly one minute after the addition of DNase I and the reaction was placed on
ice. 100 pL of phenol:choloroform:isoamyl alcohol (25:24:1) was added, the reaction was
mixed by flicking, and centrifuged to separate the layers. The aqueous layer was moved to a
new tube containing 1 mL of ice cold ethanol and stored at -20°C overnight (or on dry ice for
15 minutes). The DNA was pelleted by centrifugation for 20 minutes, the ethanol was
removed, and the pellet was washed with 70% ethanol. A SpeedVac concentrator (Fisher
Scientific) was used to dry the pellet. The pellet was then resuspended in 7 pL of loading
buffer (7 M urea, 0.1X TBE, 0.05% Bromophenol blue, 0.05% Xylene cyanol FF), heated at
95°C for two minutes in a thermal cycler, and loaded onto a 6% denaturing polyacrylamide
gel (42% urea, 1X TBE, 6% polyacrylamide, TEMED, APS). The gel was electrophoresed on a
pre-warmed (50°C) Sequi-Gen GT Nucleic Acid Electrophoresis Cell (Bio-Rad) apparatus at
50 watts in 0.5X TBE until the dye front migrates 3 of the way through the gel, maintaining

buffer temperature at 50-55°C. The gel was then transferred onto a large piece of Whatman
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paper (GE Healthcare), covered in plastic wrap, and dried on a gel dryer attached to a vacuum
pump. Finally, the dried gel was developed using autoradiography film.

Flow cell biofilms. Stovall flow cells (IBI Scientific; Dubuque, IA) were filled with
sterile TSB and inoculated with 100 pL of overnight culture. Cells were allowed to adhere to
the surface for 1 hour at 37°C then sterile TSB was continuously pumped through the channel
at a rate of 500 pL/minute for 24 hours at 37°C.

Isolation of biofilm mutants. 25 cm? polystyrene tissue culture flasks (Corning Life
Sciences; Durham, NC) were filled with 5 mL of sterile TSB and inoculated with a single colony
of S. epidermidis. The flask was incubated at 37°C statically and fresh media was replaced
every day. On day 5, the flasks were washed with sterile saline and cells were removed from
the flask using a cell scraper (Biologix Corp; Shandong, China). The biofilms were dispersed
using a Sonic Dismembrator (Fisher Scientific) on setting 1, serial diluted and plated on Congo
Red Agar.

Congo red agar (CRA) assay. PIA production was screened on Congo red agar as
previously described (155). Agar contained 30 g TSB (Becton Dickinson Difco), 15 g
granulated agar (Becton Dickinson Difco), 36 g sucrose (Sigma), and 0.8 g Congo red (Sigma)
per liter of distilled water. Strains were streaked or spread plated on agar, allowed to grow
at 37°C for ~24 hours.

Sequencing of biofilm mutants. Genomic DNA was isolated from overnight cultures
of the mutants using the Wizard Genomic DNA Purification Kit (Promega). Sequencing was
performed as previously described (156). RS II (Pacific Biosciences, USA) single-molecule
real-time sequencing (SMRT) produced reads that were assembled using HGAP2 in the SMRT
Analysis Portal. MiSeq (Illumina, Inc., USA) short-read sequencing produced reads with an

average length of 350 bp and insert size of 500 bp which were mapped to the trimmed SMRT
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sequences using Geneious software (Biomatters, New Zealand). Genes were predicted using
the NCBI Prokaryotic Genome Annotation Pipeline version 4.5.

B-galactosidase assay. Bacterial cultures were pelleted by centrifugation and
resuspended in 1.2 mL of Z-buffer (60 mM Na;HPO,, 40 mM NaH;PO4, 10 mM KCl, 1 mM
MgS04, 50 mM B-mercaptoethanol, pH 7.0) in a screw-cap tube containing 1 mM glass beads.
Cells were lysed by disruption using a Bead Ruptor 24 (speed=6.0, 25 sec x2) (Omni
International). The contents were then pelleted by centrifugation and 700 pL of the
supernatant was transferred to a microcentrifuge tube. The reaction was initiated by addition
of 140 pL of 4 mg/mL ONPG and incubated at 37°C. Once the sample turned yellow, the
reaction was stopped with 200 pL of 1 M sodium carbonate and the reaction time was noted.
The stopped reaction was centrifuged for 30 seconds and ODsy was measured. (-
galactosidase activity was adjusted for protein concentration as determined by Bradford

reaction using the Protein Assay Dye Solution (Bio-Rad).
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Strain

Escherichia coli DH5a
S. aureus RN4220

S. aureus PS187

E. coli BL-21 (DE3)

E. coli Arctic Express

S. epidermidis 1457

S. epidermidis CSF41498
S. epidermidis 1457
icaA:dhfR

S. epidermidis 1457
icaR:tetM

S. epidermidis CSF41498
icaR:erm

S. epidermidis 1457
tcaR:dhfR

S. epidermidis CSF41498
tcaR:dhfR

S. epidermidis 4804

S. epidermidis 5595

S. epidermidis 7613

S. epidermidis 8595

S. epidermidis 8889

S. epidermidis 9958

S. epidermidis 5387

S. epidermidis 1457
icaR:tetM geh:icaR:kan

S. epidermidis 1457
tcaR::dhfR geh:tcaR:kan

S. epidermidis 1457
icaR:tetM tcaR:dhfR
geh:tcaR:kan

S. epidermidis CSF41498
icaR:erm geh:icaR:kan

Description

Cloning host

Restriction deficient, modification positive
Cloning host, ©®187 propagation strain
Protein over-expression strain

Protein over-expression strain, adapted for
growth at low temperatures

High PI1A and biofilm producing strain
icaADBC positive, biofilm producing strain

1457 icaA deletion mutant, Tmp®
1457 icaR deletion mutant, Tet?
CSF41498 icaR mutant, Erm®
1457 tcaR deletion mutant, Tmp®

CSF41498 tcaR deletion mutant, Tmp®

icaADBC positive clinical isolate
icaADBC positive clinical isolate
icaADBC positive clinical isolate
icaADBC positive clinical isolate
icaADBC positive clinical isolate
icaADBC positive clinical isolate
icaADBC positive clinical isolate
1457 icaR mutant carrying icaR cis

complementation, driven by constitutive sarA

promoter, Tet® Kan®
1457 tcaR mutant carrying tcaR cis

complementation, driven by constitutive sarA

promoter, TmpR, Kan®

1457 icaR tcaR double mutant carrying tcaR cis
complementation, driven by constitutive sarA

promoter, Tmp~®, Kan®
CSF41498 icaR mutant carrying icaR cis

complementation, driven by constitutive sarA

promoter, Kan®

Source
Invitrogen
[166][44]
[150]
Invitrogen
Agilent
Technologies
[161]

[87]

[106]
[106]

[87]

This study

This study

[90]
[90]
[90]
[90]
[90]
[90]
[90]

This study

This study

This study

This study
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S. epidermidis CSF41498
tcaR::dhfR geh:tcaR:kan

S. epidermidis CSF41498
icaR:erm tcaR:dhfR
geh:tcaR:kan

S. epidermidis 7613
icaR:tetM

S. epidermidis 7613
tcaR::dhfR

S. epidermidis 9958
icaR:tetM

S. epidermidis 9958
tcaR:dhfR

S. epidermidis A9
S. epidermidis A9
icaR:tetM

S. epidermidis P4
S. epidermidis P4
icaR:tetM

S. epidermidis C9
S. epidermidis C9
icaR:tetM

S. epidermidis C9
tcaR:dhfR

S. epidermidis N2
S. epidermidis N2
icaR:tetM

S. epidermidis N2
tcaR::dhfR

S. epidermidis O7
S. epidermidis O7
icaR:tetM

S. epidermidis O7
tcaR:dhfR

S. epidermidis D9
S. epidermidis D9
icaR:tetM

S. epidermidis D9
tcaR:dhfR

CSF41498 tcaR mutant carrying tcaR cis
complementation, driven by constitutive sarA
promoter, Kan®

CSF41498 icaR tcaR double mutant carrying tcaR
cis complementation, driven by constitutive sarA
promoter, TmpR, Kan®

7613 icaR deletion mutant, TetR
7613 tcaR deletion mutant, TmpR
9958 icaR deletion mutant, Tet®

9958 tcaR deletion mutant, Tmp®
CSF41498 enhanced PIA producing mutant
A9 icaR deletion mutant, Tet®

CSF41498 enhanced PIA producing mutant
P4 icaR deletion mutant, Tet®

CSF41498 enhanced PIA producing mutant

C9icaR deletion mutant, Tet®

C9 tcaR deletion mutant, TmpR
CSF41498 enhanced PIA producing mutant

N2 icaR deletion mutant, TetR

N2 tcaR deletion mutant, Tmp®
CSF41498 enhanced PIA producing mutant

07 icaR deletion mutant, Tet®

O7 tcaR deletion mutant, TmpR
CSF41498 enhanced PIA producing mutant

D9 icaR deletion mutant, TetR

D9 tcaR deletion mutant, Tmp®

This study

This study

This study
This study
This study

This study
This study
This study
This study
This study
This study
This study

This study
This study
This study

This study
This study
This study

This study
This study
This study

This study
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S. epidermidis PV22

. PV22 icaR deletion mutant, Tet? This study
icaR:tetM
S. epidermidis PV22 . R ,
tcaR-dhfR PV22 tcaR deletion mutant, Tmp This study
S. epidermidis 22R5 1457 mutant defective in PIA synthesis [155]
_S' epidermidis 22R5 22R5 icaR deletion mutant, Tet® This study
icaR:tetM
S. epidermidis 22R5 . R .
tcaR-dhfR 22R5 tcaR deletion mutant, Tmp This study
S. epidermidis 22R6 1457 mutant defective in PIA synthesis [155]
. epi idis 22R . . .
.S epidermidis 22R6 22R6 icaR deletion mutant, Tet® This study
icaR:tetM
S. epidermidis 22R6 . R .
tcaR=dhfR 22R6 tcaR deletion mutant, Tmp This study
S. epidermidis 1457 1457 icaADBC deletion mutant replaced with .
. e . . R This study
icaADBC::Pica:lacZ lacZ driven by icapromoter, Tmp
S. epidermidis CSF41498  CSF41498 icaADBC deletion mutant replaced .
. . . . . This study
icaADBC::Pica:lacZ with lacZ driven by ica promoter, Tmp®
S-epidermidis 1457 1457 gdpP in-frame deletion mutant This stud
AgdpP gap y
S. epidermidis CSF41498 . . .
epidermidis CSF41498 gdpP in-frame deletion mutant This study
AgdpP
Plasmid Description Source
puUC19 Gram-negative origin of replication, Amp’ Invitrogen
pE194 containing pC221 nick site functioning in
pROJ6448 conjugative mobilization, temp sensitive gram- [167]
positive origin of replication, Erm'
pCL10 Temperature-sensitive shuttle vector [168]
DET15-b tPargotein over-expression vector, N-terminal His- Invitrogen
pNF206 Pica::GFP reporter, Erm®, Amp~ This study
pNF263 tcaR mutagenesis plasmid this study
IcaR protein expression vector, pET-15b .
pNF290 backbone, AmpR This study
icaADBC allelic exchange plasmid, carries .
pNF291 Pica:lacZ, pCL10 backbone, Cam®, AmpR, TmpR This study
TcaR protein expression vector, pET-15b .
pNF292 backbone, AmpF This study
lipase allelic exchange plasmid, for generation of
pNF332 constitutive icaR complement strain, pCL10 this study
backbone, Cam®, AmpR, KanR
lipase allelic exchange plasmid, for generation of
pNF333 constitutive tcaR complement strain, pCL10 this study

backbone, CamR, AmpR, Kan®
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Allelic exchange plasmid, for generation of in-

pNF353 frame gdpP deletion mutant, pCL10 backbone, this study
CamR® AmpR

pBursa Encodes bursa aurealis transposon, Cam®, ErmR  [169]
pFA545 Encodes bursa aurealis transposase, Tet? [169]
Bacteriophage Description Source
D71 S. epidermidis transducing phage [170]
DA6C S. epidermidis transducing phage [149]
187 Staphylococcus transducing phage [150]

Abbreviations: Amp, ampicillin; Tet, tetracycline; Erm, erythromycin; Tmp, trimethroprim;

Cam, chloramphenicol; Kan, kanamycin
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CHAPTER 3
Investigation into IcaR and TcaR regulation of

icaADBC
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Background

Expression of icaADBC is carefully regulated in S. epidermidis. This is evident by the
numerous regulators identified thus far (Figure 1.2) as well as observations that the presence
of the ica operon is not directly correlated with PIA synthesis and biofilm formation (58, 64,
90, 146-148). Therefore, our goal is to investigate why this may be and to better understand
how regulation of icaADBC differs in different strains of S. epidermidis.

As previously discussed, the regulation of icaADBC involves many factors, including
the direct repressor IcaR. Belonging to the TetR family of transcriptional regulators and
originally identified in S. aureus, icaR is located upstream of icaADBC and is divergently
transcribed (107, 112). In S. aureus, icaR transcription was shown to begin 73 nucleotides
upstream of the icaR start site in the icaR-icaA intergenic region (106) (Figure 1.1). While
regulation of icaR is not well understood, it has been shown to involve some environmental
factors, including NaCl (0B dependent) and ethanol (0B independent).

In addition to IcaR, TcaR is also a direct repressor of icaADBC although this regulation
is weak compared to IcaR (112, 157). TcaR was shown to regulate icaADBC by binding to the
icaR-icad intergenic region by binding to a 33-bp pseudopalindromic sequence (111). (Figure
1.1). Additional information on TcaR and its role in regulating icaADBC in S. epidermidis is
limited.

Due to their role as direct repressors, we chose to further investigate the role of IcaR
and TcaR with the goal of determining whether (and how) they are involved in the diverse
expression of icaADBC. Using immunoblots and transcriptional analyses, we showed that
icaADBC transcription and PIA synthesis is variable amongst S. epidermidis clinical isolates
suggesting a disparity in regulation. While both IcaR and TcaR can function as regulators of
icaADBC, IcaR seems to be the major regulator in some strains but not others. In addition to

regulation of icaADBC, we also performed experiments to further understand the regulation
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of IcaR and TcaR. Overall, our results expand on current knowledge about regulation of
icaADBC and PIA synthesis as well as two of its repressors.

Results

S. epidermidis 1457 and CSF41498 differ in icaA transcript, PIA synthesis and
biofilm formation. Our previous results and those of others (58, 64, 90, 146-148) have
shown that biofilm and PIA levels are variable amongst icaADBC-positive clinical isolates of
S. epidermidis. This suggests that PIA is regulated differently in S. epidermidis. To further
investigate differences in PIA synthesis, we chose to study strains 1457 and CSF41498, two
genetically amenable strains that differ in their in vitro biofilm production and synthesis of
PIA. As shown in Figure 3.1A, enhanced icaA transcript is detected in 1457 as compared to
1457 AicaA and CSF41498. In addition, 1457 produces more PIA as detected by immunoblot
(Figure 1B) in addition to in vitro biofilm as assessed using the Christensen biofilm assay
(Figure 1C).

icaADBC is regulated by IcaR and TcaR. While IcaR has been well described as a
direct repressor of icaADBC in both S. aureus and S. epidermidis (87, 88, 109, 112), the
function of TcaR is less understood. Based on the observation that PIA synthesis and icaA
transcription were variable in clinical isolates of S. epidermidis, we hypothesized that IcaR
and/or TcaR was non-functional in strains producing excess PIA (due to de-repression of
icaADBC). To address this hypothesis, we chose to study strains 1457, which produces excess
PIA, and CSF41498, which makes very low amounts of PIA unless induced by NaCl (Figure

3.2). Notably, bioinformatic
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Figure 3.1. S. epidermidis 1457 and CSF41498 differ in icaA
transcription. In comparison to 1457, less icaA transcript, PIA and biofilm
were detected in CSF41498. RNA was isolated from mid-exponential phase
during microaerobic growth. PIA was purified from post-exponential phase.
Biofilm was stained with crystal violet after 24 hours of growth in TSB.
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analysis of the 1457 and CSF41498 genomes (accession numbers CP020463.1 and
CP030246) showed no sequence divergence in icaR, tcaR, icaADBC or the icaR-icaA intergenic
region. icaR
and tcaR allelic replacement mutants were constructed in both 1457 and CSF41498 to assess
biofilm, PIA synthesis and icad transcription. As expected and previously reported, deletion
of icaR in CSF41498 resulted in increased icaA transcription and enhanced biofilm and PIA
synthesis (87, 88). However, inactivation of icaR in 1457 yielded no discernable phenotype
with regards to icaA transcription, biofilm or PIA production (Figure 3.2). In contrast to icaR,
deletion of tcaR in 1457 resulted in substantially increased icaA transcription, PIA synthesis,
and biofilm formation indicating that TcaR functions as a repressor in 1457. Similar levels
were observed in 1457 AicaR AtcaR. Conversely, icaA transcription, PIA synthesis, and biofilm
are undetectable in CSF41498 AtcaR however, when both icaR and tcaR are knocked out, icad
transcript level was higher than in CSF41498 AicaR. This suggests a synergistic effect
between IcaR and TcaR, and confirm previous observations made in S. aureus (112). Finally,
complementation of icaR and tcaR resulted in complete inhibition of icaA transcription,
suggesting that IcaR and TcaR are functional in 1457 and CSF41498. Additionally, when icaR
was complemented into the icaR tcaR double mutants, icaA transcription was also abolished.
Since icaR is the only functional repressor in this strain, it showed that IcaR, when expressed
at high enough levels, is capable of completely repressing icaADBC expression. Collectively,
these data suggest that IcaR is the dominant repressor in CSF41498 while TcaR appears to be
dominant in 1457 (due to lack of icaR expression).

Alterations in tcaR expression affects growth. Expression of icaADBC and PIA
synthesis is linked to the availability of glucose and the metabolic state of the cell (62, 91).
For this reason, the growth of S. epidermidis was assessed when the regulation of icaADBC

was altered by
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Figure 3.2. TcaR is the primary repressor in 1457 and IcaR is the major repressor in
CSF41498. In 1457, inactivation of tcaR lead to increased icaA transcription, PIA
synthesis, and biofilm formation while the icaR mutant did not have a discernable effect.
In contrast, CSF41498 AicaR had increased icaA transcription while CSF41498 AtcaR did
not. Complementation of icaR and tcaR with a constitutive promoter resulted in
abolishment of icaA transcription and PIA synthesis. icaR, tcaR, and icaR tcaR mutants
were generated in S. epidermidis 1457 and CSF41498 as well as constitutive cis
complements of icaR and tcaR. icaA transcription was determined by northern blot and
PIA synthesis was determined by immunoblot with PIA-specific antibody (A). Biofilm
formation was ascertained by Christensen biofilm assay and quantified by measuring
absorbance at ODsos (B).

CSF41498 AicaR AtcaR + icaR
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mutations in icaR and tcaR. ODgoo was measured while strains were grown micro-aerobically
in TSB at 37°C. In 1457, the tcaR and icaR tcaR mutants exhibited lower growth rate during
exponential phase than wild type (Figure 3.3). Since these strains also displayed increased
PIA synthesis and biofilm formation, it is likely this process is energetically unfavorable. Since
PIA synthesis occurs when the TCA cycle is inactive and involves funneling of carbon away
from glycolysis and cell wall synthesis, it is reasonable to postulate that decreased cell growth
in these mutants is due to enhanced PIA synthesis. However, complementation with
constitutively expressing tcaR only slightly increased growth rate although PIA synthesis was
completely repressed (Figure 3.2). Since tcaR is normally expressed at constitutively low
levels (158), this suggests that high tcaR expression can also negatively impact growth,
perhaps due to altered expression of other genes in the TcaR regulon. In contrast, growth
defects were not observed in the mutants of CSF41498 with the exception that CSF41498
AicaR did not reach similar growth yield as wild type (Figure 3.3). Since this mutant exhibited
increased PIA synthesis (Figure 3.2), this could be a result of altered carbon flux towards PIA
synthesis as well as increased cell clumping. Notably, the opsoo of many strains began to drop
around hour 7 due to accumulation of PIA synthesis, which would result in aggregation of
cells.

Biofilm formation is more robust in 1457 AtcaR. To further investigate the effects
of deleting icaR and tcaR on biofilm formation, we used the BioFlux microfluidics system and
automated image acquisition technology to monitor biofilm formation. The plasmid pNF206,
carrying a Pica::GFP reporter, was used to monitor icaADBC expression however, this is not
an accurate indication of ica expression as biofilms grow in multiple layers, affecting the
relative levels of fluorescence detected. Analysis of biofilm formation revealed that 1457
AtcaR and 1457 AicaR AtcaR began aggregating and forming towers sooner compared to wild

type and AicaR (Figure 3.4). Additionally, biofilm formation was more robust in 1457 AtcaR
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and 1457 AicaR AtcaR. While a small increase in biofilm formation was observed in 1457
AicaR compared to wild type, the differences observed in 1457 AtcaR and 1457 AicaR AtcaR
were more apparent. Overall, these data showed that inactivation of tcaR enhances biofilm
formation and confirmed our findings that TcaR is the major repressor of icaADBC and biofilm
formation in 1457.

IcaR is the primary repressor in clinical isolates 7613 and 9958. Our results thus
far illustrate a difference in IcaR and TcaR regulation of icaADBC and PIA synthesis between
1457 and CSF41498. To investigate whether this is strain specific, other clinical isolates of S.
epidermidis were assessed. Two genetically amenable and low PIA producing clinical isolates
(CSF41498-like) were identified and icaR and tcaR mutations were generated by
transduction from 1457 AicaR and 1457 AtcaR, respectively. Similar to observations made in
CSF41498, increased icaA transcription was detected in the icaR mutants of 7613 and 9958
while no difference was observed with the tcaR mutants (Figure 3.5). This transcriptional
data was corroborated by static biofilm assays showing only increased biofilm formation in
the icaR mutants, not AtcaR. Unfortunately, we were unable to generate icaR and tcaR
mutations in high PIA producing strains (such as 8595 and 8889) via transduction or allelic
exchange methods. Experiments performed with these mutants would confirm whether high
PIA producing strains were regulated by TcaR, in a manner similar to 1457 (as opposed to
low PIA producing strains such as CSF41498).

icaR transcription varies among S. epidermidis clinical isolates. As we have
previously observed, when icaR and tcaR are expressed in single-copy using a constitutive

promoter (Psqr4),
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61 1457

Wild type

AicaR

AtcaR

AicaR AtcaR

AicaR + icaR
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Figure 3.3. Alterations in tcaR expression affects growth. Microaerobic growth was assessed
by measuring ODeoo hourly. 1457 AtcaR, 1457 AicaR AtcaR, 1457 AtcaR + tcaR, 1457 AicaR AtcaR
+ tcaR showed lower exponential growth rates compared to 1457 wild type. CSF41498 strains all
grew at similar rates although CSF41498 AtcaR and CSF41498 AtcaR + tcaR grew slightly better.
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Figure 3.4. Biofilm formation is more robust in 1457 AtcaR and 1457 AicaR AtcaR. Strains
carrying Pica::GFP reporter (pNF206) were grown in 50% TSB in the BioFlux Microfluidic system
for 18 hours at 37°C. Images were taken with an automated image acquisition system and video
stills were captured at the indicated time points after inoculation. Biofilm formation in 1457 AicaR
was slightly increased compared to 1457 wild-type. However, 1457 AtcaR and 1457 AicaR AtcaR
began forming microcolonies sooner and the biofilms were more robust by 10 hours compared to
1457 wild-type and 1457 AicaR.
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icaA transcription and PIA synthesis were completely repressed (Figure 3.2), indicating that
IcaR and TcaR are fully functional as repressors of ica. Therefore, we hypothesized that
inactivating icaR in 1457 had no effect due to already low or no icaR transcription. Northern
blot analysis confirmed that less icaR transcript was detected in 1457 compared to CSF41498
(Figure 3.5). To determine whether this is strain specific, we examined other S. epidermidis
clinical isolates to investigate whether variation in PIA synthesis is determined by icaR
expression (as it seems to be in 1457 and CSF41498). 7613 and 9958 are both low PIA
producing strains however, low icaR transcript was detected in isolate 9958 while high icaR
transcript was detected in 7613. This suggests that icaR transcription is not the only
determining factor as to whether a strain is high or low PIA producing. Nevertheless, our
transcriptional data show that, in 1457, TcaR is the major repressor due to the absence of
icaR expression. However, expression of icaR does not determine whether a strain is a high
or low PIA producer.

IcaR expression is higher in 1457 biofilm compared to CSF41498. To determine
whether icaR transcription levels correspond to IcaR protein levels, we planned to perform
western blot analyses. To this end, recombinant IcaR proteins were sent to Cocalico
Biologicals, Inc. (Stevens, PA) for production of custom polyclonal antibodies specific for
recombinant IcaR. After boosting with IcaR antigen three times, the serum was tested using
cell lysates collected from 1457 and CSF41498 wild-type and icaR mutants grown for 2, 4, 6,
8, 10, and 12 hours micro-aerobically. While the appropriately sized band for recombinant
IcaR protein control was observed on a western blot, no bands were observed with the cell
lysates (data not shown). A final boost was performed with recombinant IcaR conjugated to

hemocyanin since hemocyanin is known to elicit
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Figure 3.5. Clinical isolates 7613 and 9958 are regulated by IcaR. Increased icaA
transcription, PIA synthesis, and biofilm were detected in 7613 AicaR and 9958 AicaR.
However, no change was observed in the tcaR mutants. icaR and tcaR mutations were
generated by transduction from 1457 AicaR and AtcaR. RNA was collected at mid-
exponential phase, PIA was isolated from post-exponential phase, and biofilm was
assessed by crystal violet staining after 24 hours of growth in TSB.



49

culture (data not shown). However, when grown in 6-well plates, biofilms collected at 38
hours yielded the

appropriately sized bands using anti-IcaR serum. At 38 hours, 1457 expressed less IcaR
compared to CSF41498 (Figure 3.6). The presence of correct sized protein bands in biofilms
constitutively expressing icaR, but not tcaR, as well as a band in the purified IcaR lane
suggested the serum was specific for IcaR. However, the band in the purified IcaR lane ran
higher than bands from lysates. Additionally, there was a faint band in the purified TcaR lane
and nonspecific bands at the top of the blot, especially around 40 kDa, suggesting non-
specificity with the anti-IcaR serum. To address this, the anti-IcaR serum was affinity purified
using recombinant IcaR protein bound to AffiGel 10 (Bio-Rad). Purified anti-IcaR serum
resulted in a blank blot (not shown) suggesting that the serum does not contain anti-IcaR
antibodies. At this point, we concluded that we were unsuccessful in generating IcaR-specific
polyclonal antibody. However, preliminary western blot analysis with lysate collected from a
38-hour biofilm seemed to suggest that IcaR levels are lower in 1457 compared to CSF41498,
confirming our transcriptional data (Figure 3.5).

TcaR binds to multiple sequences in the icaR-icaA intergenic region. Previous
reports have demonstrated that IcaR binds to a sequence directly upstream of the icaA start
site and TcaR could bind to three different sites containing a 33-bp pseudopalindromic
sequence (Figure 1.1) (111). Of the three putative sites, the one proposed to bind with the
highest affinity is located very close to the IcaR binding site, suggesting IcaR and TcaR may
be competing for binding to the ica promoter. To determine whether TcaR can bind directly
to the icaR-icaA intergenic region, recombinant proteins were purified and electrophoretic
mobility shift assays (EMSA) were performed. As IcaR is known to bind to the icaR-icaA

intergenic region, recombinant IcaR was
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Figure 3.6. IcaR levels are higher in CSF41498 biofilms than 1457. Cell lysates were
collected from biofilms grown in TSB and TSB without glucose. At 38 hours post-
inoculation, higher IcaR expression was detected in CSF41498 biofilms compared to 1457.
No IcaR was detected in 12-hour, 24-hour (not shown), 38-hour biofilms grown without
glucose and 48-hour biofilms. Complementation with icaR resulted in same sized bands as
1457 and CSF41498 wild-types (red arrow). However, recombinant IcaR control showed
a larger sized product (blue arrow). Non-specific bands are indicated by black arrows.



51

o \ig
,éY" @Qlé éY” zoé
F F
.40 Q}" ‘Q\ 4@ 2"\}
é\\.\ ,&Q o'& é&} O&Q

i Wy Ny

Figure 3.7. Recombinant IcaR and TcaR can bind to the ica promoter. Recombinant
IcaR and TcaR were incubated with double-stranded fluorescein-labeled ica promoter
DNA (PCR amplified) at room temperature for 30 minutes then electrophoresed on a 6%
polyacrylamide gel under non-denaturing conditions. Noncompetitive DNA is salmon
sperm DNA and competitive DNA is non-fluorescein-labeled ica promoter DNA. Addition
of IcaR and TcaR resulted in a shift in DNA migration that can be abolished by competitive
DNA.
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purified and used as a control. Indeed, incubation of increasing concentrations of IcaR with
icaR-icaA intergenic DNA resulted in decreased DNA migration compared to the DNA only
control, which is a result of DNA movement being hindered by binding of IcaR (Figure 3.7).
Similarly, the addition of increasing concentrations of TcaR also resulted in decreased
mobility of DNA although the shift is bigger compared to IcaR suggesting that binding of TcaR
resulted in a bulkier product than binding with IcaR. This is in agreement with crystal
structure studies showing that IcaR bound to DNA as two dimers while TcaR complexed with
DNA as a heptamer (108, 157). These interactions were direct as addition of noncompetitive
DNA (Salmon sperm DNA) did not affect the shift in contrast to the addition of unlabeled
competitive DNA. Thus, these data confirm that IcaR and TcaR bind directly to the S.
epidermidis icaR-icaA intergenic region (108, 111).

Next, DNase I footprinting assays were performed to determine if IcaR and TcaR bind
to similar DNA sequences within the icaR-icaA intergenic region. As expected, binding of IcaR
to the DNA resulted in a protected region just upstream of the icaA start site (Figure 3.8)
confirming previous DNase I footprinting results that IcaR bound to a 42 bp sequence in the
ica promoter (107). Interestingly, the addition of TcaR resulted in a large protected zone
covering most of the icaR-icaA intergenic region, including the icaR promoter and the IcaR
binding site. These data are in agreement with previous studies demonstrating that TcaR
binds to multiple sites containing a 33 bp pseudopalindromic consensus sequence (111, 112).
Taken together, these data show that TcaR binds to multiple sites within the icaR-icaA
intergenic region and may bind to similar regions as IcaR.

TcaR is a repressor of icaR. DNase I footprinting assay showed that TcaR bound to
multiple sites in the icaR-icaA intergenic region, including within the icaR promoter

suggesting
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Figure 3.8. TcaR binds to multiple sites in the icaR-icaA intergenic region. P*-labeled
ica promoter DNA was incubated with increasing concentrations of recombinant IcaR or
TcaR. Incubation with IcaR resulted in a footprint upstream of icad. Incubation with TcaR
resulted in multiple footprints throughout the intergenic region (noted on right side of the
figure). Previously proposed IcaR and TcaR binding sites are noted on the left side of the
figure.
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that TcaR may regulate icaR transcription. To investigate this, qRT-PCR was performed with
icaR specific primers using RNA isolated from 1457 and CSF41498 wild types and tcaR
mutants. Indeed, icaR transcription was approximately 5-fold higher in the tcaR mutants of
1457 and CSF41498 compared to wild-type (Figure 3.9) suggesting that TcaR not only
functions as a repressor of icaADBC transcription but can also repress icaR. This provides
multiple ways in which TcaR can regulate icaADBC and adds to the complexity of PIA
regulation in S. epidermidis.

Mutations can be generated to alter PIA synthesis in 1457 and CSF41498.
Previous studies have hypothesized that mutations which facilitate enhanced PIA synthesis
are selected to allow for colonization in high shear niches such as the lumen of a catheter (48,
90). Based on our data with 1457, it is possible that some of these mutations result in
decreased icaR transcription, de-repression of icaADBC and increased PIA synthesis.
Therefore, we set out to isolate CSF41498 mutants that exhibit increased PIA synthesis and
1457 mutants that produce less PIA than wild type.

To identify potential mutations that mediate increased PIA synthesis, CSF41498 was
grown in tissue culture flasks and the media was replaced daily for five days. On the fifth day,
the resulting biofilm was collected, dispersed and plated on Congo Red agar (CRA). CRA was
used to identify CSF41498 mutants with enhanced PIA synthesis since high PIA producing
colonies appear crusty instead of smooth on this medium (Figure 3.10A) (155).

A total of ten CSF41498 mutants with increased PIA and biofilm formation were
isolated and six were selected for further analysis. We observed highly variable phenotypes
with all six of these mutants in regard to icad and icaR transcription and PIA and biofilm

synthesis (Figure 3.10).
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Figure 3.9. TcaR represses icaR transcription. icaR expression is increased in 1457
AtcaR and CSF41498 AtcaR compared to the wild-types. RNA was collected from mid-
exponential phase of microaerobic growth and qRT-PCR was performed with icaR specific
primers. Expression was determined by quantification of SYBR-green fluorescence,
normalized to gyrB levels, and relative expression was calculated based on wild-type
expression levels.
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Enhanced icaA transcription was detected in all six mutants and all displayed increased
biofilm and PIA synthesis (with the exception of P4). Based on our observations with 1457,
we expected that some of the mutants would display decreased icaR expression. Indeed, less
icaR transcript was detected in mutants P4 and 07. Of particular interest was mutant 07 as it
displayed the most similar phenotype to 1457. No icaR was detected in mutant 07 and a more
pronounced biofilm and PIA phenotype was observed in the tcaR mutant compared to the
icaR mutant. Interestingly, mutants A9, P4, D9, N2, and 07 had decreased icaA transcription
when icaR and tcaR mutations were introduced in this mutant background suggesting that
the function of IcaR and TcaR with regards to the regulation of icaADBC has been altered in
these mutants. Unfortunately, for unknown reasons, we were unable to generate tcaR
mutations in mutants A9 or P4 by either ®71 and ®A6C mediated transduction or direct
allelic replacement methodologies.

To identify 1457 mutants that produce decreased PIA, 1457 was grown in Stovall flow
cells and plated on CRA to isolate smooth colonies as previously described (48), generating
mutants PV18, PV19, PV21, and PV22. In addition, 1457 smooth mutants were isolated from
a guinea pig tissue cage model as previously described (159), generating 22R5 and 22Ré6.
With the exception of PV22, icaA transcription was markedly lower in these mutants
compared to 1457 wild type confirming these mutants carry mutations that repress
transcription of icaADBC. In addition, outside of strain 22R6, which appeared to produce
similar amounts of PIA as 1457, PIA immunoblot and biofilm assay corroborated this
observation indicating that these isolates produce less PIA-mediated biofilm (Figure 3.11A4,
B). Importantly, other than PV22, all 1457 mutants had similar phenotypes as CSF41498
(compared to 1457 wild type) including enhanced icaR transcript, decreased icaA transcript,
and increased biofilm and PIA synthesis as well as an increase in icad transcript in the icaR

mutants.
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Aside from a modest increase in PIA production, little phenotype was observed in the
tcaR mutants. Interestingly, icaA transcription does not correlate with PIA synthesis and
biofilm in mutant PV22, however, allelic replacement of icaR does result in increased PIA
synthesis and biofilm formation. Together, these experiments using both CSF41498 and 1457
suggest that mutations can be easily selected that will result in altered icaR transcription, PIA
synthesis, and biofilm formation. This suggests that S. epidermidis can fine tune the regulation
of icaADBC by acquiring mutations that alter expression of icaR.

Whole genome sequencing was performed to identify the location of the mutations in
the ten CSF41498 mutants and six 1457 mutants that were isolated. First, it is important to
note that multiple mutations were detected in all strains sequenced. In the 1457 mutants, we
found mutations in several genes (Table 3.1) including ferrous iron transporter B (feoB),
tributyrin esterase, phosphoenolpyruvate synthase regulatory protein, ribonuclease Y, as
well as two hypothetical proteins with unknown function. Not surprisingly, we also
discovered mutations in icaA (in PV22) and o8 (PV19). As previously discussed, oB activates
icaADBC by indirectly repressing icaR expression (105) therefore, mutations in either icaA or
oBcould lead to abolishment of icaADBC transcription and PIA synthesis.

Results from sequencing the ten CSF41498 mutants revealed that each carried
mutations in multiple genes (Table 3.2). Mutations that were identified in multiple isolates
include homoserine-0O-acetyltransferase, aldehyde dehydrogenase A (aldA), c-di-AMP
phosphodiesterase (gdpP), L-carnitine/choline transporter (opuCA), respiratory nitrate

reductase (narH), and an Abr
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family transcriptional regulator. Unsurprisingly, we also discovered mutations in icaB and
icaR. The enzyme IcaB is a deacetylase whose function is to impart a negative charge on PIA,
allowing for interaction with the cell surface as well as to various surfaces. Surprisingly, a
mutation in icaB was identified in mutant 07 although icaA transcript and PIA synthesis were
higher compared to CSF41498 wild type, suggesting that this substitution mutation has
resulted in enhanced IcaB activity. As expected, a mutation in icaR would lead to de-
repression of icaADBC, and thus PIA synthesis and biofilm formation. Since there are multiple
mutations in these isolates, it is likely altered icaADBC expression and PIA synthesis are a
result of multiple mutations. Furthermore, many mutations result in substitutions within
their gene products, therefore the effects on protein function is largely unknown.

Aside from icaR, sequencing results identified one other transcriptional regulator
potentially involved in regulation of icaADBC. In B. subtilis, AbrB regulates two genes
implicated in biofilm formation: yoaW and sipW. SipW was shown to be a signal peptidase
with function in processing either an intercellular adhesin or motility structure (160, 161).
Considering this, the regulator we identified may also function to regulate biofilm formation
in staphylococci. However, further experiments are required to confirm this.

Additionally, the gene encoding for PEP synthase regulatory protein was also
mutated. The synthase enzyme functions to convert pyruvate to PEP during gluconeogenesis.
PIA synthesis is partially regulated by metabolism and studies investigating this have shown
that icaADBC transcription can be controlled by regulators responding to the metabolic state
of the cell (91). For this reason, any changes to cellular metabolism, including

gluconeogenesis, may affect function of
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Figure 3.10. CSF41498 biofilm mutants express more icaA transcription. CSF41498
mutants were screened on Congo red agar (CRA) for increased PIA synthesis. Strains not
synthesizing PIA (such as 1457 AicaA) have a smooth, round morphology on CRA while
strains synthesizing high amounts of PIA (such as 1457) are crusty and rough in
appearance. CSF41498 makes low amounts of PIA and so have a phenotype in between
1457 and 1457 AicaA. CSF41498 biofilm mutants appeared more crusty and rough on CRA
than CSF41498 wild-type (A). CSF41498 biofilm mutants showed increased icaA
transcription (B), PIA synthesis (B), and biofilm formation (C) compared to CSF41498
wild-type. Introduction of icaR and tcaR mutations in these mutants did not result in
higher icaA transcription, PIA synthesis, or biofilm formation. Compared to CSF41498
wild-type, mutants P4, D9, N2, and O7 expressed lower levels of icaR transcription (B).
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Figure 3.11. 1457 biofilm mutants exhibit lower icaA transcription and PIA
synthesis than wild-type. Less icaA transcript, PIA, (A) and biofilm (B) were detected in
biofilm mutants compared to 1457. Although less biofilm and PIA synthesis were detected
in PV22, enhanced icaA transcript was detected. Increased icaR transcription (A) was
detected in 1457 biofilm mutants, similar to CSF41498 (A).
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these regulators, leading to altered icaADBC transcription. However, additional studies are
required to determine whether PEP synthase and its regulator have any effect on icaADBC
transcription.

Finally, our sequencing results also identified two ribonucleases: ribonuclease Y
(RNase Y) and ribonuclease Z (RNase Z). Due to their roles in regulating mRNA stability, it is
likely that altering the function of these ribonucleases would affect mRNA levels of icaADBC
or one of its regulators, resulting in either increased or decreased icaADBC transcript. For
example, Ruiz de los Mozos et al. showed that interaction between the icaR 3'-UTR and 5'-
UTR forms a double-stranded region targeted by RNase III, resulting in degradation of the
icaR mRNA (162).

GdpP is not a regulator of icaADBC. GGDEF domain-containing proteins have
diguanylate cyclase activity (and sometimes phosphodiesterase activity) (163, 164). GdpS is
the only staphylococcal protein carrying this highly conserved domain while GdpP has a
modified domain (165). GdpP has been shown to modulate biofilm formation in several
organisms (166-169) and GdpS can regulate PIA synthesis by increasing icaADBC mRNA
levels in S. epidermidis (165). Since gdpP was mutated in multiple CSF41498 mutants, we
speculated that GdpP has function in regulating icaADBC and PIA synthesis. To investigate
whether inactivating gdpP would lead to decreased icaADBC transcription, gdpP mutants
were generated in 1457 and CSF41498 using allelic replacement methodologies. No changes
in icaA transcription and biofilm formation were observed in the gdpP mutants of both 1457
and CSF41498 (Figure 3.12), indicating that GdpP, alone, does not function in regulating PIA
in S. epidermidis. While mutations in gdpP did arise in multiple CSF41498 biofilm mutants, it
must be noted that these were substitution mutations. It is unknown what effects these
substitutions have, if any, on protein function. Furthermore, the biofilm mutants carried

mutations in multiple genes suggesting that increased PIA synthesis could be due to a
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combination of multiple factors. Further studies are required to determine which of the
remaining identified genes, or combination of genes, function in regulation of PIA synthesis.

Using a lacZ reporter to identify regulators of icaADBC. In addition to generating
random mutations exhibiting altered icaADBC expression, we also proposed a more direct
method to identify regulators of icaADBC. The mariner transposon bursa aurealis will be used
to target non-essential genes of the S. epidermidis genome. By generating this library in a
reporter strain carrying lacZ fused to the promoter of icaADBC, a blue/white screen can be
used to distinguish high icaADBC expressing cells from low. In this way, we will be able to
identify all mutants that have altered icaADBC transcription, narrowing down candidates
involved in the regulation of icaADBC and PIA. We successfully generated Pica::lacZ reporters
in S. epidermidis 1457 and CSF41498 by cloning this construct into icaADBC, rendering the
operon nonfunctional. To demonstrate that the lacZ reporters were working as intended,
they were grown in TSB supplemented with increasing concentrations of NaCl and f-
galactosidase activity was measured. Our results showed that 3-galactosidase activity is
undetectable in 1457 and CSF41498 wild-types. However, in the reporters, -galactosidase
activity, and therefore icaADBC expression, was higher in TSB supplemented with NaCl
compared to TSB alone. In 1457, 4% NaCl was optimal for induction of icaADBC while
CSF41498 was equally induced in 2% and 4% NaCl (Figure 3.12). Since these results are
aligned with previous observations that icaADBC transcription is higher in 1457 and can be
induced by NaCl (Figure 3.2, 3.5) (88, 105, 118), these data confirm that our lacZ reporters

were appropriately constructed and can be used to assess icaADBC expression.
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Next, the plasmid pBursa, carrying the bursa aurealis transposon, was transduced
into the reporter strains already carrying pFA545 (transposase). After growth at a permissive
temperature (30°C), cells carrying both plasmids were heat shocked at 47°C, plated on erm1¢,
and grown at 47°C for two days. Resulting colonies were patched on to cam19, tet!0, and erm10
and, again, grown at 47°C to confirm transposition of bursa aurealis and loss of pBursa and
pFA545. Regrettably, we were unable to cure the plasmids despite altering the incubation
temperature and antibiotic concentration. This demonstrates the overall difficulty of cloning
in S. epidermidis and suggests that the method used to perform transposon mutagenesis in S.

aureus (170) cannot be used in S. epidermidis.
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Figure 3.12. gdpP does not regulate icaADBC. 1457 was used to investigate whether
phosphodiesterase contributed to the regulation of icaADBC. RNA extracted from mid-
exponential phase of growth did not show a difference in icaA transcription level
compared to wild-type in both 1457 and CSF41498 (A). PIA synthesis and biofilm
formation also remained unchanged (A, B).
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Figure 3.13. 2-4% NacCl is optimal for induction of icaADBC expression. icaADBC
expression was determined based on lacZ expression as measured by [-galactosidase
assay. 1457 Pica::lacZ and CSF41498 Pica::lacZ were grown in TSB with increasing
concentrations of NaCl. 1457 and CSF41498 wild-types grown in TSB and 4% NaCl were
included as negative controls.
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S. epidermidis is a commensal skin bacterium common on a variety of sites, including
the nares, axillae, arms, and legs (171). As part of the skin microbiota, S. epidermidis has been
shown to play a protective role by preventing colonization of pathogens (172, 173). However,
S. epidermidis is also known to cause various infections and is the most frequent cause of
those involving indwelling medical devices, including catheters, cerebral spinal fluid shunts,
and prosthetic joints (174). Unlike the abundance of virulence factors that S. aureus possess,
S. epidermidis has one major virulence factor which is the ability to form biofilms. While PIA
has been shown to be an important component of biofilms, it is well known that not all S.
epidermidis strains carry icaADBC, especially those isolated from healthy individuals (45, 64,
72,90,139-141). Furthermore, previous studies have shown that ica positive clinical isolates
do not constitutively synthesize PIA (58, 90). These data suggest that PIA synthesis, while
important during biofilm formation, is not always advantageous. Previously, our lab has
reported that, in a skin colonization model, an ica mutant outcompetes the wild type strain
that synthesizes high amounts of PIA. This, in combination with the observation that isolates
from the skin of healthy individuals generally lack icaADBC, suggest that strains lacking this
operon are selected for in this environment. One reason why this could be is that the presence
of PIA is not beneficial on the skin surface and S. epidermidis utilizes other adhesive molecules
for interaction with epithelial cells, such as the accumulation association protein (Aap).
Additionally, the production of PIA occurs when the TCA cycle is inactive and requires
channeling of carbon away from glycolysis. The synthesis of PIA requires a high energy
investment so non-PIA producing isolates are selected for.

However, there are certain conditions in which PIA synthesis is important. Our lab
has previously reported that S. epidermidis clinical isolates from a high shear environment
(such as catheters) are more likely to carry the ica operon and synthesize PIA than those from

low shear environments (90). Furthermore, icad transcription and PIA synthesis is increased
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when biofilms are grown under high shear flow (89, 90, 175). These data provide evidence
that, while PIA is not advantageous under all conditions, there are circumstances under which
strains able to synthesize high PIA are selected for. In this study, we utilized two S. epidermidis
strains: 1457, isolated from a catheter infection (high shear) and synthesizes high PIA and
biofilm (176), and CSF41498, isolated from a cerebral spinal fluid infection (low shear) and
generally makes little PIA unless induced by NaCl (88). IcaR is a well characterized repressor
of icaADBC (87, 88, 107-109, 112). However, 1457 AicaR did not have any observable effects
on icaA transcription, PIA synthesis, or biofilm formation in 1457 but CSF41498 AicaR did.
Transcriptional analysis of icaR showed that icaR transcription is lower in 1457 than in
CSF41498 suggesting that IcaR does not regulate icaADBC in 1457 due to decreased icaR
expression. Complementation of icaR using a constitutive promoter completely represses
icaA transcription and PIA synthesis, demonstrating that IcaR is functional in 1457 and
CSF41498.

Furthermore, in 1457, where icaR is not expressed, TcaR was shown to be the primary
repressor as a tcaR mutant resulted in significantly increased icad transcription, PIA
synthesis, and biofilm formation. However, in CSF41498, where IcaR is expressed at high
enough levels to sufficiently repress icaADBC, a tcaR mutant did not exhibit detectable levels
of icaA transcription or PIA synthesis. This indicates that, when TcaR is absent, IcaR is capable
of completely repressing ica transcription, even more than in wild-type. These data confirm
previous reports that TcaR is not a major repressor of icaADBC (112) and only function when
the primary repressor, IcaR, is not present. This suggests that TcaR may have a lower binding
affinity than IcaR. To investigate this, we performed DNase I footprinting and, indeed, was
able to show that both IcaR and TcaR bound to the intergenic region between icaR and icaA.
While IcaR bound to one sequence near the icaA start site, TcaR bound to multiple sites. Chang

etal. found that TcaR binds to a 33-bp pseudopalindromic sequence containing the consensus
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sequence TTNNAA (111) although our footprinting data indicates the three sites are slightly
shifted from the reported ones. One footprint does appear to overlap the IcaR binding site,
suggesting that IcaR and TcaR could compete for binding to the ica promoter however,
further experiments are required to confirm this. One method would be to perform additional
EMSAs. As evident from our EMSA result, the binding of IcaR and TcaR to DNA cause different
shifts in the migration of the DNA through the gel. This occurs because IcaR was reported to
bind to DNA as two dimers while TcaR bound as a heptamer (108, 157). Based on this, if both
IcaR and TcaR are added to the DNA at once, we would be able to determine which protein is
binding based on the size of the shift. Additionally, if we can successfully generate IcaR- and
TcaR-specific antibodies, western blot analysis of EMSAs would confirm which protein was
binding to the DNA in a competition experiment.

Additionally, DNase footprinting assay showed that TcaR has binding sites in the icaR
promoter confirming transcriptional data that TcaR can repress icaR. This indicates that TcaR
can function as both a regulator of icaR and icaADBC, providing multiple ways in which TcaR
can influence icaADBC transcription.

Our data, thus far, suggest that high PIA producing strains, such as 1457, have gained
mutations leading to decreased icaR expression and de-rerepressed icaADBC. In an effort to
identify these mutations, we sequenced 1457 mutants with decreased PIA synthesis and
observed that, indeed, icaR transcription is higher. We were also able to easily isolate
CSF41498 biofilm mutants displaying increased icaA transcription, PIA synthesis, and biofilm
formation. Whole genome sequencing of these mutants revealed that each mutant contained
single-nucleotide polymorphisms (SNPs) in multiple genes, suggesting that altered
regulation of icaR could be due to mutations in multiple genes. Overall, this experiment
demonstrate the level of regulation that icaADBC is subjected to and how mutants are

selected for that allow it to be successful in different environments.



76

As an alternative to isolating biofilm mutants, we also attempted to perform a more
direct method of identifying icaADBC regulators. This method involved using the transposon
bursa aurealis to generate a library of mutants in Pica::lacZ reporters. The reporter will allow
us to determine expression level of icaADBC in response to mutations in non-essential genes
of S. epidermidis. Because transposon mutagenesis has already been successfully performed
in S. aureus to generate the Nebraska Transposon Mutagenesis Library (177), we were
confident that we could adapt this method to S. epidermidis due to the similarity in genetic
manipulation between S. aureus and S. epidermidis. Unfortunately, we were unable to cure
the plasmids pBursa and pFA545 despite multiple attempts with various conditions. While
the method for genetic manipulation is the same, it is harder to make mutants in S.
epidermidis and this is likely due to the difficulty in curing plasmids. Since generating
mutations is not easy in S. epidermidis, it would be useful to have a library of mutants at hand.
However, in order to achieve this, further work must be performed to develop a method
capable of transposon mutagenesis as well as successful curing of the plasmids.

In this study, we sought out to further understand the regulation of icaADBC and PIA
synthesis in S. epidermidis. Many investigators have observed that the presence of the ica
operon and PIA synthesis are highly variable in S. epidermidis clinical isolates. Therefore, the
objective of this study was to investigate the regulation of icaADBC with the hypothesis that,
in S. epidermidis, icaADBC regulation, and therefore PIA synthesis, is variable due to
dysregulation of icaR and tcaR, which encode for two repressors of the operon.

While PIA is one of the better understood biofilm components, there is still much to
learn. While we were able to provide new insight into the regulation of icaADBC by IcaR and
TcaR, we also uncovered new questions about how regulation may differ in each clinical
isolate. The complexity of icaADBC regulation is reflective of its importance, not only as an

adhesive molecule but the role it plays in disease progression as well as immune evasion. The
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idea that S. epidermidis mutants can be selected for to adapt to different environments show
the role of PIA in adaptation to various niches. Our results suggest that regulation of icaADBC
is fairly complex as we identified multiple mutations that lead to altered PIA synthesis and

biofilm formation.
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