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: Bacterial biofilms and biofilm
associated proteins: an introduction

2

1.1 Bacterial biofilms
Scientists primarily studied bacteria in its free living form i.e. planktonic form
for over a century. Although studies on planktonic bacteria allowed us to
understand many fundamentals of bacterial form, physiology, etc., understanding
of bacterial life style was incomplete because those conditions do not represent
the two different lifestyles of bacteria (planktonic and sessile). Since few decades,
it was learned that bacteria can adhere to solid surfaces and form a slimy, slippery
layers termed as biofilms (Zobell 1943). These bacterial biofilms are predominant
on wet surfaces in nature including rivers, stagnant pools, man-made materials
and biological matter and cause many environmental benefits and problems.
These bacterial aggregates provide protection from a wide range of
environmental factors such as fluctuating pH (Svensäter et al. 1997), exposure
to UV light (Espeland and Wetzel 2001), dehydration and antimicrobial agents
(Mah and O'Toole 2001, Stewart and Costerton 2001). Some reports claim the
existence of bacterial biofilms, as old as 3.2-billion years (Rasmussen 2000). The
study of bacteria in biofilms, largely pioneered by Costerton, opened up a
completely novel and unexplored area of research about how bacteria live and
interact with their environment (Costerton et al. 1978, Costerton et al. 1999).

1.2 Stages of bacterial biofilm development
Commonly, bacteria lives two kind of lifestyle; one a free-living planktonic
lifestyle and another a static and sessile lifestyle known as biofilm (Monds and
O’Toole 2009). A transition between these two different lifestyles involves many
triggering factors such several environmental stimuli and a variety of internal
factors such as lack of nutrients, etc. This whole life cycle is termed as biofilm
life-cycle and it involves several stages as depicted in Figure. 1.1 (Shukla et al.
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2014). Whenever a single motile bacterium comes in contact with a solid surface,
the first stage of the new life cycle takes place in the form of initial cellular
adhesion (Marshall 1985). This initial event is followed by a feeble and
reversible adhesion phase. At this stage, different cues from the environment
determine the production of additional adhesive molecules that would foster
bacterial adhesion or bacteria will detach itself and settle at some other place
(Davies et al. 1998, Marshall 1985). Further sensing of the local environment as
a favourable one, the bacterial cells begin to divide and start the secretion of a
sticky matrix called extracellular polymeric substances (EPS). The polymer
complex comprises of polysaccharides, proteins, nucleic acids and lipids
(Flemming and Wingender 2010). This stage of bacterial life cycle is known as
irreversible adhesion. During this transformation, bacteria changes its
phenotype and there is a change in the array of surface protein molecules and
appendages (Stoodley et al. 2002). As long as conditions remain favourable,
bacterial cells grow and divide along with secretion of EPS. There are formation
of different types of unique structures at this stage of biofilm growth such as water
channels and mushroom kind of structure. These fine structures allow a three
dimensional architecture of the mature biofilms and this stage of biofilm growth is
known as biofilm maturation (Costerton et al. 1999, Hall-Stoodley et al. 2004,
Stoodley et al. 2002). After sensing some unfavourable conditions or augmented
by various environmental cues such as nutrient depletion or oxidative stress (Fux
et al., 2004, Boles et al. 2005, Hall-Stoodley and Stoodley, 2005), biofilm cells
can switch over back to the planktonic life style and this process is called as
biofilm dispersal (Boles and Horswill 2008, McDougald et al. 2012, Kiedrowski
and Horswill 2011). At this stage inter-cellular communication, various dispersing
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agents such as Dispersin B (Boles and Horswill 2008, Donelli et al. 2007), Phenol
soluble modulins etc. play a critical role (Davies et al. 1998, Kiedrowski and
Horswill 2011, Otto 2014, Stoodley et al. 2002). These reagents act as biosurfactants, whereas few enzymes disrupt inter-bacterial interactions, assist in
the active and passive dispersal of cells from the biofilm mass (Monds and
O’Toole 2009).

Figure 1.1: Illustration showing different developmental stages of bacterium
biofilm cycle. (reproduced from Shukla et al. 2014)

1.3 Biofilm formation and persistent infections
Bacterial biofilms are ubiquitous and found in almost all kind of
environments (Garrett et al. 2008). Industrial and clinical biofilms are of higher
interest as they directly impact our lives. In clinical biofilms, Staphylococcus
aureus biofilms are of particular interest as they grow in and on human host and
are recognised as a major cause of persistent infections (Costerton et al. 1999,
Gotz 2002, Otto 2008). S. aureus is a universal pathogen which causes mild to
severely life threatening diseases (Cheesbrough 2006). Staphylococci are the
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most common cause of infections that are associated with indwelling medical
devices, such as catheters and prosthetic joints. The ability to form multicellular
communities known as biofilms is crucial to the success of bacteria in devicerelated infections and probably also has a role in many other types of infection
(Otto 2008, Otto 2009). Biofilm infections are clinically important because bacteria
in biofilms cells are resistant to phagocytosis and, as some cells are in a dormant
state, it is difficult to target them with antibiotics (Monds and O’Toole 2009,
O'Toole et al. 2000).This bacterium also constitutes a major cause of hospitalacquired/healthcare-associated infections (HAIs). According to Center for
Disease Control and prevention (CDC), S. aureus strains are associated with
15.6 % of the total HAIs reported between 2009 and 2010, (Sievert et al. 2013)
and 12.3 % between 2011 and 2012 in Europe (Gravel et al. 2007).

1.4 The biofilm matrix
Microbial cells in biofilms are enclosed in self-produced polymeric matrix
(Flemming and Wingender 2010). Although producing this matrix is not very
economic but it renders the residing bacterial community a wide array of
advantages such as protection from predation and harsh environments (Xavier
and Foster 2007). The composition of biofilm matrix varies species to species
and is dynamic in response to the environmental conditions (Mangwani et al.
2014). Over the years with huge amount of research done in this area, it is
understood that there are a few classes of molecules that are typically present as
the major components in the biofilm matrix, such as biofilm associated protein,
adhesins, amyloid fibers, polysaccharides, extracellular DNA (eDNA), metal ions,
etc., (Flemming and Wingender 2010, Sutherland 2001).
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Table 1.1: Major components of extracellular polymeric substances and their
function in bacterial biofilms (Flemming and Wingender, 2010)

EPS components

Functions in the context of biofilms

Polysaccharides

Adhesion, Aggregation of bacterial cells,
Cohesion of biofilms, Protective barrier,
Retention of water (by hydrophilic polysaccharide),
Sorption of organic & Inorganic compounds,
Sink for excess energy

Proteins

Enzymatic activity, Electron donor or acceptor,
Adhesion, Aggregation of bacterial cells,
Cohesion of biofilms, Protective barrier,
Sorption of organic & Inorganic compounds,
Sink for excess energy, Export of cell components

DNA

Exchange of genetic Information, Adhesion,
Aggregation of bacterial cells, Cohesion of biofilms,

Divalent ions

Mechanical stability, Regulation of biofilm-associated
proteins, Regulation of EPS production

Surfactants

and Bacterial attachment and detachment,

lipids

Hydrophobicity

Water

Provides hydrated environment,
medium for movements for nutrients

A brief introduction of these macromolecules in context of bacterial biofilm
is as follows.
Polysaccharides
Earlier exopolysaccharide was thought to be major component of the biofilm
and constitutes 50-90% of the organic carbon in a biofilm that is found in the
polysaccharide (Flemming and Wingender 2010, Xavier and Foster 2007).
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However, a number of different polysaccharides are produced by different
bacteria which are entirely different from each other. For example,
Staphylococcus aureus produces a poly-cationic homo-polymer called as
Polysaccharide Intercellular Adhesin (PIA) (Gotz 2002). Whereas E. coli and
Salmonella typhimurium produce an uncharged, homo-polymeric cellulose (Zogaj
et al. 2001). Pseudomonas aeruginosa produces at least three distinct
exopolysaccharides viz., alginate Pel, and Psl (Chang et al. 2007, Franklin et al.
2011, Ryder et al. 2007). Streptococcus thermophilus produces three distinct
heteropolymeric polysaccharides as part of its biofilm matrix (Vaningelgem et al.
2004). These polysaccharides can play many roles in the biofilm, including aiding
in initial adherence to a surface (Ma et al. 2006), adding structural stability
(Hentzer et al. 2001), serving as a nutrient storage reservoir (Laue et al. 2006),
retaining water to prevent desiccation (Chang et al.2007), and protecting from the
host immune system (Mishra et al. 2012).
eDNA
eDNA is also one of the major structural component of biofilms formed by
many species (Whitchurch et al. 2002). The importance of this component in
biofilms formed by many species can be seen in the fact that exogenous DNase
addition can either inhibit or disperse biofilms of E. coli (Nijland et al. 2010), P.
aeruginosa (Whitchurch et al.2002), N. gonorrhoeae (Steichen et al. 2011), S.
aureus (Kaplan et al. 2012), and others. First of all, the importance of DNA in
microbial biofilms was observed in Rhodovulum, a self-flocculating bacteria.
Rhodovulum produces EPS that is comprised of polysaccharides, proteins and
nucleic acids (Watanabe et al. 1998). Treatment of flocculated cells of
Rhodovulum with nucleolytic enzymes resulted in deflocculation, whereas
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polysaccharide-degrading and protein-degrading enzymes had no effect.
Though, it has been identified as an important component, amount of eDNA
produced by different bacterial biofilms can vary significantly, even between
closely related species. For example, eDNA is a major structural component in
the biofilm matrix of S. aureus, whereas it forms minor component of biofilms in
S. epidermidis (Izano et al. 2008).In P. aeruginosa biofilms, eDNA functions as
an intercellular connector (Yang et al. 2007), and Bacillus cereus uses eDNA as
an adhesion molecule (Vilain et al. 2009). eDNA also aids in exchange of genetic
information, aggregation of bacterial cells and determine the mechanical stability
of biofilms. A recent study has shown that eDNA also facilitated the selforganization of cell inside bacterial biofilms (Gloag et al. 2013).
Origin of eDNA in biofilm matrix is not well understood. It is proposed that it
comes from autolysis of a subpopulation of cells embedded within the biofilm
matrix (Mann et al. 2009) or through a coordinated fratricidal mechanism lysing a
subpopulation to release eDNA (Thomas et al. 2009). eDNA can also be
generated without lysis such as through membrane vesicles by several gram
negative bacteria, including P. aeruginosa, E. coli, S. typhimurium, and Y. pestis
(Dorward and Garon 1990, Schooling et al. 2009) or by a type IV secretion system
in N. gonorrhoeae (Hamilton et al. 2005).
Lipids and Biosurfactants
Extracellular polymeric substances (EPS) also contains substantial amount
of lipids and alkyl group-linked polysaccharides, such as methyl and acetyl
groups (Busalmen et al. 2002, Neu et al. 1992) which confers the hydrophobic
property to EPS apart from highly hydrated hydrophilic molecules like
polysaccharides, proteins and DNA. Many microbes produce surface-active
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hydrophobic molecules which influence the surface tension at the air–water
interface and called as bio-surfactants. These biosurfactant molecules are very
critical for adhesion phenomenon and also play important role in dispersal
phenomenon in biofilms (Sand and Gehrke 2006).
Proteins
Proteins are second most abundant component present in the biofilm
matrix. In the last decade, several studies suggested that importance of
extracellular and surface associated proteins in biofilm matrix in biofilm
architecture and stability (Cucarella et al. 2001, Latasa et al. 2006). Broadly, they
can be divided into two subcategories; Extracellular enzymes and structural
proteins.
Extracellular Enzymes
Many extracellular enzymes have been reported in biofilms. In general, they
also called as EPS modifying enzymes as these enzymes participate in the
degradation of EPS (Flemming and Wingender 2010). EPS constituents act
as a nutrient-store and when required, it is digested with the help of these
extracellular enzymes (Kiedrowski and Horswill 2011). The substrates of
these enzymes are biopolymers such as polysaccharides, cellulose,
proteins and nucleic acids. Apart from this, they are also useful in the
dispersal of biofilm and hence the release of microbial cells and
resettlement on a new substratum occurs.
Structural Proteins/Protein adhesins
There are many different proteins in this category which are involved in
surface adhesion, and interaction with host factors such as fibronectin,
fibrinogen etc. In general, roles of surface proteins are highly redundant and
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poorly understood. These structural proteins comprises either cell-wall
associated proteins or extracellular and matrix associated proteins. Most of
these structural proteins are classified Microbial Surface Components
Recognizing Adhesive Matrix Molecules (MSCRAMMs) that specifically
recognize and interact with host factors to facilitate attachment of bacteria
to surfaces within a host (Patti et al. 1994). These include proteins that bind
to fibronectin, fibrinogen, collagen, and other host proteins (Deivanayagam
et al. 2002, Keane et al. 2007). Amyloids fibres comes under matrixassociated proteins which are incredibly resilient fibers that were originally
thought to be the result of protein folding error (Otzen and Nielsen 2008).
Chapman et al., and others showed that amyloids can also have some
functional role (Chapman et al. 2002, Chapman et al. 1999). A number of
functional amyloids have been reported in the context of the biofilm matrix
(Otzen and Nielsen 2008). Amyloids share unique folding properties though
amyloid components of biofilms are highly diverse in different bacterial
species. For example, Bacillus subtilis produces amyloids formed of the
261-residue TasA (Romero et al. 2010), while in S. aureus, amyloids are
comprised of Phenol Soluble Modulin (PSM) peptides, which are as small
as 20 residues long (Schwartz et al. 2012).
On the other hand, cell-wall associated proteins forms a large group which
are associated with a number of functions such as adhesion, invasion and
evasion (Foster et al. 2014). Structurally, they have vast differences, in S. aureus,
which is based on structural similarity. Cell wall associated proteins are classified
in to four major classes. A detail description is given in review of literature.
Another group of extracellular proteins are biofilm-associated proteins (Bap) and

11

homologous Bap-like proteins (Latasa et al.2006). This family of proteins shares
some common features like very high-molecular-mass, a core domain of tandem
repeats and attachment with cell surface that promote biofilm formation. Apart
from these, amyloids are the second most found proteinaceous components of
the biofilm matrix. The amyloids have been detected ubiquitously in various types
of environmental biofilms such as freshwater lakes, brackish water, drinkingwater reservoirs and wastewater treatment plants (Otzen and Nielsen 2008).

1.5 Staphylococcus aureus biofilm regulation
As described in Figure 1, biofilm life cycle comprises of several phases
which are tightly regulated at the molecular level and are in tune with the changing
environment (Kostakioti et al. 2013, O'Toole et al. 2000, Stoodley et al. 2002). As
biofilms are very diverse even within a species, it is obvious to expect their
regulation to be differing from each other.

In S. aureus, the most studied

regulatory system is ica-operon that produces enzymes involved in the production
of Polysaccharide Intercellular Adhesin (PIA). The ica genes were first discovered
in a S. epidermidis (Mack et al. 1994) and later in S. aureus (Cramton et al. 1999).
The quorum-sensing system in S. aureus is known as Accessory Gene
Regulator (agr) system (Yarwood et al. 2004) As quorum-sensing is often
associated with biofilm formation, relationship between agr system and biofim
formation has been heavily studied (Boles and Horswill 2008, Kiedrowski and
Horswill 2011, Vuong et al. 2000). Relationship between agr system and biofilm
formation in S. aureus has been found to be complex and dependent on the
strains. As results of different studies have been mixed, with some studies
showing agr mutations to inhibit, or have no effect, and some studies to showing
increase in biofilm formation (Beenken et al. 2003, Vuong et al.2000). Similarly,
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σB a stress response regulator in S. aureus, has been shown to up regulate as
well as down regulate PIA production (Rachid et al. 2000, Valle et al. 2003).
These observations suggest that PIA production in S. aureus is complex and
dependent on strains, growth conditions (Yarwood et al. 2004). ica operon, thus
PIA-dependent S. aureus biofilm formation is regulated by multiple genetic
regulators (Tormo et al. 2005). Spx down regulates the PIA production (Pamp et
al. 2006), whereas another global regulator, SarA (Staphylococcal Accessory
Regulator), up regulates ica transcription (Valle et al. 2003). SarA also regulates
expression of agr, however SarA mediated regulation of ica shown to be agrindependent (Beenken et al. 2010). Apart from genetic regulation mechanisms,
several environmental conditions have been shown to regulate PIA production
(Beenken et al. 2004, O'Gara 2007). Sub-inhibitory concentrations of certain
antibiotics, including tetracycline, increase ica expression through poorly
understood mechanism (Rachid et al. 2000).
Initially, the ica genes were thought to be indispensable and absolutely
essential for biofilm formation in S. aureus (Cramton et al. 1999). Of late, few
reports showed the existence of PIA-independent S. aureus biofilms (Cucarella
et al. 2001, Otto 2008) and established the fact that few protein adhesins, such
as biofilm-associated protein (Bap), were sufficient to establish biofilm formation,
even if the ica operon was mutated (Beenken et al. 2004, Cucarella et al. 2001,
Cucarella et al. 2004). In both cases, deletion of sarA abrogated biofilm formation,
suggesting that SarA in plays a critical role in both PIA-dependent and PIAindependent biofilm development. Taken together, studies on PIA-independent
S. aureus biofilm regulation indicates that PIA-independent biofilm development
either involve up regulation of protein adhesins or down-regulate the production
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of extracellular proteases (Boles and Horswill 2008, Karlsson et al. 2001,
Kiedrowski and Horswill 2011, Luna-Velasco et al. 2013). In both the cases, net
outcome is an increase in the abundance of extracellular protein adhesions,
thereby emphasizing the importance of extracellular proteins in S. aureus biofilm
development.

1.6 Importance of CWA proteins in S. aureus biofilm development
As discussed above, development of S. aureus biofilm is a complex process
and depends on many factors. S. aureus biofilm cycle can also be divided into
four phases; primary attachment, irreversible attachment, accumulation or
maturation, and dispersal phase (Gotz 2002, O'Toole et al. 2000, Otto 2014).
Primary attachment of Staphylococci cells can occur on inert such as the plastic,
metal surface of an indwelling medical device etc., or biotic surfaces. Primary
attachment

to

such

surface

particularly

involve

surface

proteins/adhesins/components such as the accumulation-associated protein
(Aap) (Conlon et al. 2014), autolysins AtlA (Houston et al. 2011, Bose et al. 2012)
and AtlE (Rupp et al. 2001) or wall teichoic (WTA) and lipoteichoic acids (LTA)
(Gross et al. 2001). Primary attachment to a biotic surface such as host tissues
is mostly governed by cell wall-anchored (CWA) proteins including clumping
factors A and B (ClfA and ClfB) (Deivanayagam et al.2002, Wertheim et al. 2008),
Biofilm-associated protein (Bap) (Cucarellaet al.2001), and the fibronectinbinding proteins A and B (FnBPA and FnBPB) from S. aureus (Edwards et al.
2010, Peacock et al. 1999). Of late, several staphylococcal surface proteins are
recognized that promote the accumulation phase in an ica-independent manner
(Foster et al.2014). Thus, CWA proteins first mediate primary attachment and
promote thereafter also participate in intercellular adhesion and biofilm
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maturation (Figure 1.1). This is followed by the disintegration phase, in which the
S. aureus biofilm is dispersed due to degradation of matrix protein components
by proteolytic activity by extra-cellularly secreted protease through activation of
agr- system (Boles and Horswill 2008), nucleases (Beenken et al. 2012,
Kiedrowski and Horswill 2011, Sharma-Kuinkel et al. 2009), and a group of small
amphiphilic α-helical peptides, known as phenol soluble modulins (PSMs)
(Periasamy et al. 2012, Wang et al. 2011).

1.7 Cell-wall associated (CWA) Proteins in Staphylococci
Those surface proteins which are associated with cell wall of staphylococcal
cells by a covalent bond are termed as cell-wall associated or cell-wall anchored
(CWA) proteins (Foster et al. 2014). Cell-wall anchored surface proteins share
few common features such as a long ~40 amino acids amino-terminal signal
sequence which is required for Sec- dependent protein secretion, and a wallspanning region at carboxyl-terminal that is either rich in proline and glycine
residues or composed of Ser–Asp dipeptide repeats, and an LPXTG motif and a
hydrophobic membrane-spanning domain followed by a series of positively
charged residues (Schneewind et al. 1995). Secretory signal sequences that are
located at the amino termini are cleaved during secretion. Ligand-binding
functions are often located in the amino-terminal domains (Patti et al.1994).
Majority of these proteins are anchored to peptidoglycan by LPXTG motif with the
help of enzymatic activity of sortase A (Foster et al. 2014). In contrast, few CWA
proteins has different sorting signals with the motif NPQxN/P such as Isd proteins
are recognised and anchored to the cell wall by sortase B of S. aureus and S.
lugdunensis (Foster et al. 2014).
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The precise repertoire of CWA proteins varies among strains and also
altered by growth and environmental conditions. Based on available literature it
is concluded that S. aureus can express up to 24 different CWA proteins whereas
coagulase negative Staphylococci such as S. epidermidis and S. lugdunensis
express a smaller number (Foster et al. 2014). Moreover, the expressions of
CWA proteins depend on the environmental conditions such as presence of iron.
IsdA expresses only under iron-limited conditions (Clarke et al. 2007). Such
limited number of surface protein and studies on CWA proteins suggest that CWA
proteins in S. aureus can carry out multiple functions. This can be explained in
terms of evolutionary selective pressure and fitness. As CWA proteins are
exposed on the surface of bacterial cells and are in direct contact with the host to
carry out multiple functions related to the adhesion, colonization, and the evasion
of host defenses machinery etc., they remain under a constant selective
pressure. Due to such selective pressure CWA proteins have evolved for multiple
roles. Apart from having multifunctional feature, these proteins also tend to show
functional redundancy, which means multiple proteins perform similar functions.
For example, at least five CWA proteins bind the plasma glycoprotein fibrinogen
and involve in adhesion function. This functional redundancy also affect the
studies related to any particular protein as a null mutant that affects one particular
CWA protein’s function might only be partially defective as the function, which is
under investigation, can be complemented by other CWA proteins.

1.8 Classification of CWA proteins
Based upon structural and functional characteristics, Foster et al. (2014)
proposed a new classification of CWA proteins. As per this new classification,
all CWA proteins can be classified in four families.
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1.

MSCRAMM family: MSCRAMM stands for ‘microbial surface

component recognizing adhesive matrix molecules’. MSCRAMM term was
originally applied to a group of surface proteins of S. aureus that were found
to be involved in attachment to components of the host ECM, such as
fibrinogen, fibronectin and collagen (Arrecubieta et al. 2007), at a time when
it was thought that bacteria primarily attached to glycol-conjugates present
on cell surfaces (Patti et al. 1994). Under new classification all those
proteins come in MSCRAMM family which share structural similarities and
a common mechanism for ligand binding, which is mediated by two
tandemly-linked IgG-like sub-domains in the N-terminal A region (Foster et
al. 2014, Geoghegan et al. 2013). In the typical MSCRAMMs SdrG, ClfA,
and ClfB, the N2 and N3 sub-domains are associated to ligand-binding by
the dock, lock, and latch (DLL) mechanism (Donelli et al. 2007, Ponnuraj et
al. 2003). However, Cna, another member of the family binds its ligand by
‘collagen hug’ mechanism (Zong et al. 2005). The N terminal A region
connects with the c-terminal cell wall-anchoring domain by serine-aspartate
dipeptide repeats of varying length in the case of the Clf–Sdr subfamily
(Arrecubieta et al. 2007), or tandem repeats of fibronectin binding domain
in the case of FnBPs (Foster et al. 2014). SdrC, SdrD and SdrE have two
or more repeated domains called BSDR domains, which comprise 110–113
residues that are located between the A region and the flexible SD region
(Josefsson et al. 1998). The BSDR repeats are folded separately and form a
rigid rod that projects the A domain away from the cell surface and that is
dependent on Ca2+ for structural integrity (Josefsson et al. 1998).
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2.

NEAT motif family: These are a small group of CWA proteins which

contains ‘Near iron transporter’ (NEAT) motif which are involved in heme
capture from hemoglobin and help bacteria to survive in the host, where the
presence of iron

is very limited (Grigg et al. 2010). The defining

characteristic of Isd CWA proteins is the presence of one or more NEAT
motifs, which bind either hemoglobin or heme (Hammer and Skaar 2011).
3.

Three helical bundle family: Protein A is a ubiquitous and

multifunctional protein in S. aureus CWA protein. At the N terminus, protein
A contains four or five homologous modules (known as EABCD), each of
which consists of single separately folded three-helical bundles that can
bind to several distinct ligands. An Xr region composed of octa-peptide
repeats located between this region and the cell surface. Number of octapeptide is highly variable in number and it is followed by a constant region,
known as Xc (Foster et al. 2014).
4.

G5-E repeat family: This group proteins contain identical G5 domains

in a tandem array that is separated by 50-residue sequences that are known
as E regions (Conrady et al. 2013, Gruszka et al. 2012). G5 domains are
characterized by five conserved glycine residues which adopt a β–triple
helix–β-like fold that has no known ligand-binding function. Amino acid
sequence of each G5 domain are identical, and it is known that proteins with
highly identical domains in a tandem arrangement are highly prone to
undergo mis-folding (Borgia et al. 2011). It is speculated that the presence
of alternatively individually folded E regions prevents protein mis-folding.
SasG in S. aureus (Gruszka et al. 2012) and Aap in S. epidermidis (Conlon
et al. 2014, Rohde et al. 2005) are well studied proteins in this category.
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5.

Structurally uncategorised protein adhesins: This group of surface

proteins are comprised of proteins which are structurally not well defined.
For example; SasX, which plays a role in biofilm formation (Li et al. 2012);
SasC (Schroeder et al. 2009) reported to promotes primary attachment and
accumulation phases of biofilm formation; and a few putative LPXTG
proteins such as SasB, SasD, SasF, SasJ, SasK and SasL identified from
genome sequences analyses but with unknown structure or function are
recognized (Roche et al. 2003).
Another example of such protein adhesion is biofilm-associated
protein (Bap) that was discovered in certain S. aureus strains tend to belong
to MSCRAMM family but not yet classified due to partially understood
structure and function (Latasa et al. 2006). Further investigation revealed
the presence of Bap-like homologs in Enterococcus faecalis (Tendolkar et
al. 2004, Tendolkar et al. 2005), E. coli (Roux et al. 2005), Salmonella
enteritidis (Latasa et al. 2005) and other species.

1.9 CWA proteins involved in Staphylococci biofilm formation
As discussed earlier, the accumulation of staphylococci during biofilm
formation was attributed only to the PIA, encoded by the ica operon 102, but later
it was recognized that staphylococcal surface proteins can promote accumulation
in an ica-independent manner. The CWA proteins that participate in biofilm
formation are biofilm-associated protein (Bap) (Cucarella et al. 2001, Cucarella
et al. 2004), ClfB (Wertheim et al. 2008), FnBPs (Geoghegan et al. 2013, O'Neill
et al. 2008), SasC (Schroeder et al. 2009), SasG (Corrigan et al. 2007) and
protein A (Gómez et al. 2004). Among these proteins, Bap, SasG and SasC are
less studied and all aspects of molecular understanding of their functioning have
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not been explored. These proteins have been reported to be present only in
subsets of isolates, whereas the others CWA proteins are widely distributed
among the population. There is an urgent need to study and develop fundamental
understanding of such CWA proteins which are reported to play roles in biofilm
formation but the mechanistic basis is less well understood. Molecular studies on Bap

or CWA etc., are of importance and relevance to Methicilin Resistant
Staphylococcus aureus (MRSA) as both hospital-associated and communityassociated strains depend on proteins rather than polysaccharide for biofilm
formation (Geoghegan et al. 2013, Lauderdale et al. 2009, O'Neill et al. 2008).

1.10

Biofilm associated Protein

The first surface protein identified by transposon mutagenesis that could
induce biofilm development was Biofilm associated Protein (Bap) discovered in a
mastitis isolate S. aureus V329 (Cucarella et al. 2001, Cucarella et al. 2004). Bap
is a large protein of 2276 amino acids and molecular weight of 238 kDa, whose
core region consists of 13 identical tandem repeats of 86 residues (Figure 1.2).
Bap promotes biofilm formation in staphylococcal strains isolated from mammary
glands in ruminants suffering from mastitis (Cucarella et al., 2001; Arrizubieta et
al., 2004, Latasa et al. 2006). It is unclear whether Bap–mediated aggregation
and biofilm formation is the result of homophilic interactions between two identical
molecules expressed on the surface of neighbouring cells or Bap binds to its
ligand present on the surface of its neighbouring cells by heterophilic interactions.

1.11

Structure of Bap protein in S. aureus
Primary sequence analysis of Bap proteins shows very similar structural

characteristics as of a typical cell-wall-anchored proteins. The N-terminus domain
has an extracellular secretary signal sequence (first 44 amino acids). The
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remaining amino terminal sequence up to amino acid 818 can be divided into two
regions. Region A (amino acids 45–360) contains two short repeats of 32 amino
acids separated by 26 amino acids. Region B (amino acids 361–819) is devoid
of repetitions and exhibits significant similarity with the Enterococcus faecalis
surface protein (Esp) (Tendolkar et al. 2004,Tendolkar et al. 2005). Domain A
and B are connected with C terminal region with a C- region, which is comprised
of a core consisting of 13 tandem repeats of 86 amino acids, identical even at the
nucleotide level (Cucarella et al. 2001). Although the function of this region has
not been discerned, it is hypothesized that it could have a structural role,
maintaining the proper protein conformation on the cell surface. Earlier report by
Cucarella et al. (2004) demonstrated that there was production of Bap proteins
with different lengths throughout the course of a staphylococcal infection due to
the homologous recombination events between identical repeats. Interestingly,
the number of repeats found to have negligible effect on the protein functionality
(Cucarella et al.2004). The C terminus region comprises three short repeats of
18 amino acids, designated as region D, and a cell-wall-anchoring region
consisting of an LPXTG motif and a series of positively charged residues
(Figure1.2). Primary sequence analysis also reveal the presence of four putative
potential EF calcium binding motifs within the Bap sequence. Three of them are
located N-terminal to the C repeat region, whereas the fourth is located at the C
terminus close to the LPXTG motif (Arrizubieta, 2004). Studied showed that the
presence of calcium inhibited Bap-dependent multi-cellular behaviour in S.
aureus. However, role of calcium in regulation of S. aureus biofilm is not very well
understood.

21

1.12

Role of Bap in the S. aureus biofilm formation
Cucarella et al. (2001) reported the existence of cooperation between PIA

production and Bap expression during the second step of biofilm formation as it
was found that there was an enhanced PIA production in Bap overproducing
strains and decreased levels of PIA was reported in strains where bap gene had
been mutated. This observation suggests that Bap protein is not only involved in
the primary attachment step, but also, together with the polysaccharide PIA
production, in cell-to-cell aggregation and thus biofilm maturation. Importance of
Bap protein in biofilm formation can be understood by the fact that S. aureus
strains harbouring the gene bap were able to produce biofilm even if the ica
operon, responsible for PIA production was disrupted (Cucarella et al. 2004).
Thus, expression of the Bap protein is sufficient to promote biofilm development
on abiotic surfaces in a PIA–independent manner.

1.13

Genetic regulation of Bap expression

Synthesis of such a large protein like Bap, has to be strictly regulated and
coordinated with the production of other elements of the biofilm matrix such as
PIA etc., to reduce the metabolic effort. Results shown by Trotonda et al.,
established the fact that SarA is a global virulence regulator positively regulates
the bap expression (Trotonda et al. 2005). SarA can modulate gene transcription
through a direct interaction with the target gene promoter or activating the agr
regulatory cascade (Chien et al. 1999). In the case of the bap gene, results
concluded that SarA directly binds to the bap promoter region. Besides, it was
also shown that the disruption of agr system did not have any effect on bap
transcription, indicating that the mechanism through which SarA regulates bap is
agr-independent (Trotonda et al. 2005). In another study, it was shown that
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disruption of SarA downregulates the transcription of the ica operon and thus PIAdependent biofilm formation in S. aureus (Beenken et al. 2003, Trotonda et al.,
2005, Valle et al. 2003).

Figure 1.2: Schematic representation of Bap protein and EF hand motif. Bap
length in S. aureus V329 is 2276 Amino acids and corresponding gene length is
6831 bp. Respective Ca2+ binding EF hand domains are also indicated in detail
(Figure not on scale) A Symbolic representation of the EF-hand motif. Helix E
winds down the index finger, whereas helix F winds up the thumb of a right hand.
When the calcium ion binds, helix F moves from the closed (apoprotein, light
grey) to the open (holoprotein, dark grey) conformation.

1.14

Rationale of this study
There are several reports on the role of surface proteins in S. aureus biofilm

formation and its stability (Foster et al. 2014, Latasa et al. 2006, Whelan et al.
2013, Zhou et al. 2014). Among various surface proteins, biofilm-associated-
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protein (Bap) was first reported as a large, multi-domain, cell surface anchored
protein, which plays a crucial role in S. aureus biofilm development, architecture
and in the pathogenesis of bovine mastitis (Cucarella et al.2001, Cucarella et
al.2004, Stewart and Costerton 2001, Zuloaga et al. 2009). A recent study carried
out in Brazil showed the presence of bap gene in all the coagulase-negative
Staphylococcus spp. strains isolated from the nosocomial infections (Potter et al.
2009). Another recent report showed a higher frequency of occurrence of
bap gene (56.6%) in Staphylococcus spp. (189 samples) isolated from bovine
subclinical mastitis. Apart from this, frequency of bap gene occurrence was
significantly higher in coagulase-negative strains as compared with coagulasepositive (Zuniga et al. 2015). The involvement of polysaccharide-intercellular
adhesin (ica-dependent) component of the S. aureus biofilm matrix has been
studied comprehensively (Kaplan et al. 2003). However, role of ica-independent
mechanisms which is predominantly mediated by biofilm associated surface
proteins (Bap, Aap, FnBPs, etc.) in the stability of staphylococci biofilm matrix is
poorly understood (Whelan et al. 2013, Xiao et al. 2012, Yirui et al. 2009).
Previous reports on ica-independent biofilm formation in Staphylococci showed
a strong link between biofilm formation and cell wall associated proteins in
particular, Bap, (Cucarella et al. 2001) the accumulation associated protein (Aap)
(Yirui et al. 2009) and a Bap-homologue protein (Bhp) (Tormo et al.2005).
A better understanding of factors involved in primary attachment,
intercellular communications, and their role in persistent infections of S. aureus
are warranted to develop new vaccines and in providing effective treatment and
control of S. aureus. For instance, a surface protein of BAP family in A.
baumannii, BapA was found to be involved in early development of biofilm
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architecture and its maturation (Loehfelm et al. 2008). In the recent past, an
intensive in silico analysis of this protein has been done to identify antibodytriggering regions in BapA protein (Rahbar et al. 2010).This identification led to
successful protection against A. baumannii infection via its functional deprivation
of BapA (Fattahian et al. 2011) as well as enabled the researchers to develop a
diagnostic test for precise identification of A. baumannii (Rahbar et al. 2012).
Therefore, Bap and Bap-like surface proteins could be an important target to
devise antibiofilm regimes. In broader perspective, thesis has following objectives
to be accomplished:


Determination of the functional role of different predicted domains in Bap
protein.



Cloning of the bap gene in a high expression vector.



Investigation of intermolecular interaction between the Bap protein
molecules and their role in the biofilm formation.



Role of c-di-GMP, a secondary messenger molecules in phenotypic
transformation,

to

be

investigated

in

biofilm

development

of

Staphylococcus.
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2.1 Introduction
Biofilm formation by Staphylococcus aureus has been recognised as a
major factor for increased colonization and persistence in infection leading to
higher rates of body device related problems (Costerton et al. 1999, Gotz 2002).
Biofilms are highly structured microbial communities attached to a surface
wherein microbial cells are embedded in self-produced exopolymeric substances
(Flemming et al. 2007). These embedded bacterial cells in biofilms exhibit very
different behaviour from their planktonic counterparts in terms of morphology and
physiology. Some of the studies in last one decade showed that bacterial surface
motility structures such as pilli, flagella and fimbri, not only participate in the
initiation of primary bacterial adhesion and but also stabilize the subsequent
biofilm development and its structure (O'Toole and Kolter 1998, Tolker-Nielsen et
al. 2000). Earlier, exopolysaccharide was alone thought to play a critical role in
fortifying and maintenance of the biofilm integrity (Danese et al. 2000, Gracia et
al. 1997). Of late, the role of surface proteins in intercellular adhesion and in the
accumulation of cell clusters was identified (Cucarella et al. 2001, Schroeder et
al. 2009). Thereafter, a group of surface proteins with several common structural
and functional features emerged as an important factor in the biofilm formation
process. This family of proteins is called as Biofilm-Associated-Proteins (BAP)
family (Latasa, et al. 2006). BAP-family proteins share some common features
such as; their presence on the bacterial surface, very high molecular weight and
a core domain of tandem repeats (Lasa and Penadés 2006, Latasa et al. 2006).
Some protein members identified in this group are Bap (Cucarella et al. 2001),
Esp (Shankar et al. 2002), LapA (Hinsa et al. 2003), BapA (Latasa et al. 2006)
and BapA in Acinetobacter baumannii (Loehfelm et al. 2008). Among the various
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proteins the role of biofilm associated protein of S. aureus in early adhesion is
highly prevalent, Among other studies biofilm persistence and

biofilm

architecture have been well established (Arrizubieta et al. 2004, Cucarella et al.
2001 and 2004, Shukla and Rao 2013a, Shukla and Rao 2013b, Valle et al.
2012). More recently, it has been shown that Bap interact with GP96 host
receptor and prevents cellular internalization thereby conferring its resistance to
immune response of the host (Valle et al. 2012).

A better understanding of factors involved in primary attachment,
intercellular communications, and their role in persistent infections of S. aureus
are warranted to develop new vaccines and for providing effective treatment and
control of S. aureus. For instance, a surface protein of BAP family in A.
baumannii, Bap-A was found to be involved in early development of biofilm
architecture and its maturation (Loehfelm et al. 2008). In the recent past, an
intensive in silico analysis of this protein has been done to identify antibodytriggering regions in Bap-A protein(Rahbar et al. 2010). This identification led to
successful protection against A. baumannii infection via its functional deprivation
of Bap-A (Fattahian et al. 2011) as well as enabled the researchers to develop a
diagnostic test for precise identification of A. baumannii (Rahbar et al. 2012).

Of late, researchers have been targeting biofilm associated proteins to
develop a potential vaccine against pathogens. Soluble and hydrophilic region of
cell-anchored proteins are known to be more potent B-cell antigens than
hydrophobic proteins (Skeiky et al. 1994) and presence of tandem repeats
containing proteins are easily recognised by the B-cell (Kemp et al. 1987, Reeder
and Brown 1996). Therefore, Bap of S. aureus might be a good candidate to
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target for the development of some S. aureus infection combating strategies. In
the present study, several bioinformatic tools were chosen to develop better
understanding and characterizing the Biofilm Associated Protein (Bap) of S.
aureus. The study was designed in silico to identify and select the potential
immuno-dominant regions of Bap as effective antigenic agents.

2.2 Methods
Sequence availability and similarity search
A Domain Enhanced Lookup Time Accelerated BLAST (Larkin et al.) was
performed against non-redundant protein database for Bap protein sequence
(Accession

No.

AAK38834.2)

using

BLOSUM

80

matrix

at

www.blast.ncbi.nlm.nih.gov. DELTA-BLAST is a more sensitive algorithm for
proteins that contain well-conserved domains therefore it is a useful program for
the detection of remote protein homologs (Boratyn et al. 2012). BLOSUM 80
scoring matrix was chosen to collect less divergent homologous sequences due
to its strict existence-extension scoring matrix for gap costs (10:1).

Alignments and trees
All alignments were generated in MUSCLE and CLUSTALW (Larkin et al.
2007). Multiple sequence alignment was performed on 81 DELTA-BLAST
sequences in COBALT (Constraint-based Multiple Alignment Tool) at
www.ncbi.nlm.nih.gov. The closest 11 sequences were selected and were used
to perform alignments in MUSCLE (Edgar 2004)

Primary sequence analysis
Xstream online software was used as a practical algorithm for identification
and architecture modelling of tandem repeats in biofilm-associated protein
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sequences at http://jimcooperlab.mcdb.ucsb.edu/xstream/about.jsp (Newman
and Cooper 2007). Various physicochemical parameters such as amino acid
composition, molecular weight and theoretical pI of biofilm-associated proteins
and selected regions were determined using PratParam software (Gasteiger et
al. 2005). VICMpred was used to classify all proteins into four broad functional
classes viz.; virulence factor, metabolism, cell process and information storage in
the web site http://www.imtech.res.in/raghava/vicmpred(Saha and Raghava
2006). The presence of potential functional motif in Bap protein sequence was
predicted

at

PROSCAN

software

platform

(https://npsa-prabi.ibcp.fr/cgi-

bin/npsa_automat.pl?page=/NPSA/npsa_proscan.html)

using

PROSITE

database (Hulo et al. 2008).

Topology prediction
Trans-membrane regions in all selected proteins were determined by using
TMHMM

(http://www.cbs.dtu.dk/services/TMHMM)

(Server).

For

the

classification of protein as secretory or non-secretory Bap sequence was
analysed

using

SRTpred

program

at

http://www.imtech.res.in/raghava/srtpred(Garg and Raghava 2008). Sub-cellular
localization of all proteins were predicted by support vector machine in PSLpred
(Bhasin et al. 2005) at http://www.imtech.res.in/raghava/pslpred and CELLO (Yu
et al. 2006) at http://cello.life.nctu.edu.tw.

Secondary and tertiary structure prediction
Secondary structures of selected Bap proteins were predicted at GOR
software platform (http://npsa-pbil.ibcp.fr/cgi-bin/secpred_gor4.pl) (Garnier et al.
1996). Further secondary structures of tandem repeats were evaluated at
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PSIpred (http://www.bioinf.cs.ucl.ac.uk/psipred (Marsden et al. 2002). In order to
determine the homologous 3D structures the selected amino acid sequence were
run at Phyre2 (Protein Homology/analogY Recognition Engine) software
(http://www.sbg.bio.ic.ac.uk/phyre2/html) (Kelley et al. 2015, Kelley and
Sternberg 2009).

Identification of functionally and structurally important residues
Functionally and structurally important amino acids (AAs) residues in 86 AAs
repeat modules of Bap proteins were determined by ConSeq (Berezin et al. 2004)
at http://conseq.tau.ac.il. CSI-BLAST for 3 iterations with MUSCLE alignment
against Uniprot database with E-value of 0.0001 and maximum likelihood (ML)
as a method of calculating amino acid conservation score, were set as the
software

parameters.

Combfunc

program

at

http://www.sbg.bio.ic.ac.uk/combfunc/ was used for annotating functional
residues of Bap sequence in twilight zone (Wass et al. 2012).

Immuno-informatic analysis
Segments within tandem repeats in Bap sequence that are likely to be
antigenic

were

predicted

using

Bcepred

at http://www.imtech.res.in/raghava/bcepred with accuracy of 58.7% on the basis
of four amino acid properties viz.; hydrophylicity, flexibility, polarity and exposed
surface

(Saha

and

Raghava

2004).

ABCpred

at

http://www.imtech.res.in/raghava/abcpred, is a recurrent neural network based
software, which was employed to predict B-cell epitopes within four segments of
choice with 65.93% accuracy (Saha and Raghava 2006). Predicted antigenic
peptide based on Kolsar and Tongaonkar methods with 75% accuracy was run
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at https://www.predictprotein.org. The later server was used to predict average
antigenic propensity of Bap and selected regions. Probability of solvent
accessibility, continuous B-cell epitopes, solubility upon over-expression in E.coli
and

antigenicity

was

predicted

using

ACCpro,

COBEpro,

SOLpro

and ANTIGENpro at a sequence based, alignment free and pathogen
independent server, http://scratch.proteomics.ics.uci.edu (Magnan and Baldi
2014, Sweredoski and Baldi 2009).

2.3 Results and Discussion
Primary sequence analysis and homology search
DELTA-BLAST using S. aureus Bap (AAK38834.1) as a query was
analysed. 81 sequences of higher scores were selected to build multiple
sequence alignments (E-value=0, bit score >600). After CLUSTALW alignment
of 81 sequences the phylogenetic tree was constructed (for 19 sequences) based
on Neighbourhood joining analysis (see Figure 2.1), the closest 11 sequences
were selected for further analyses (Table 2.1). As Table 2.1 indicates all
sequences were from Staphylococci and reported to be biofilm-associated
protein except gram-positive signal peptide protein (WP_002501035.1) and
gram-positive anchor protein (WP_002476148.1).
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Figure 2.1: Phylogenetic analysis of 18 closest biofilm associated proteins based
on DELTA –BLAST score against non-redundant protein database for Bap
protein (Accession No. AAK38834.2) using BLOSUM 80 matrix.

Table 2.1: The 11 closest sequences with highest relevance to Bap. These
sequences were chosen to carry out further bioinformatics analysis.
Sequence name

Accession no.

Organism

biofilm-associated surface protein
(Bap)

AAK38834.2

Staphylococcus aureus

biofilm-associated protein

AAY28520.1

Staphylococcus hyicus

Gram-positive signal peptide protein

WP_002501035.1

Staphylococcus epidermidis

Hypothetical protein

WP_017723937.1

Staphylococcus xylosus

biofilm-associated protein

AAY28516.1

Staphylococcus chromogenes

biofilm-associated protein

ABW74862.2

Staphylococcus haemolyticus

biofilm-associated protein

AAY28517.1

Staphylococcus xylosus

biofilm-associated protein

AAY28519.1

Staphylococcus epidermidis

biofilm-associated protein

AAY28518.1

Staphylococcus simulans

gram positive anchor

WP_002476148.1

Staphylococcus epidermidis

putative biofilm-associated protein

YP_004267641.1

Staphylococcus simulans bv.
staphylolyticus

51

The primary sequence analysis of these selected proteins revealed the
prevalence of Thr, Asn, Asp and Ser in all the sequences and absence of Cys.
All proteins are predicted to have very low iso-electric pH (3.64 to 4.34) and high
molecular mass (101 to 338.1 kDa).
Further analysis showed the presence of tandem repeats (TR) of 86 amino
acids in all protein sequences except two sequences from S. epidermidis
(WP_002501035.1) and S. haemolyticus (ABW74862.2) (Table 2.2 and Table
2.3). It should be noted that these two proteins were deposited in NCBI database
as partial sequences, therefore, the presence of tandem repeats in the full
sequence of the proteins cannot be ruled out. Interestingly, in each protein the
tandem repeats were 100% identical to each other even at the gene level.
Prevalence of negatively charged amino acid in TR, as well as a direct correlation
between number of TR and lower pI, suggested that TR contribute to the acidic
nature of these proteins. DELTA-BLAST which is a domain based BLAST showed
most proteins (81 selected in this study) with higher homology in TR region. This
observation suggested that TR domain might be of more importance in function
and structural terms of Bap proteins. Further analysis using VCIMpred indicated
most of the Bap proteins as virulence factors. Virulence and biofilm formation are
related characteristics of a pathogenic bacterium.
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Table 2.2: Physicochemical properties of primary sequences of biofilm-associated proteins in Staphylococcus sp.

Proteins
Sequence id

Size

Most abundant residue

Theoretical
mol. Wt.
(KDa)

pI

AAK38834.2

2276

Asp (11.86), Asn (9.62),
Ser (8.44), Thr (14.76)
Asp (11.9), Gly (8.2),
Thr (17.9), Val (8.0)

238.5

3.89

AAY28520.1

3278

338.1

3.64

WP_002501035.1

1334

Asn (9.1), Asp (9.9), Ser
( 8.4), Thr (13.1)
Ala (8.1), Asp ( 8.1), Ser
( 8.1), Thr 14.1), Val
(8.7)
Asp (10.9), Asn (10.1),
Thr (12.75), Ser (9.15)

142.1

WP_017723937.1

1366

AAY28516.1

1530

ABW74862.2

926

Asp (9.4), Ser (9.29), Thr
(9.61), Asn (10.3)
Asp (8.32), Glu (9), Gly
(8.8), Thr (20)

AAY28517.1

3271

AAY28519.1

2742

AAY28518.1

Positions of
tandem repeats

Highest
Copy #

Lowest
Copy #

Longe
st
Period

Shortest
Period

911-2144,
2147-2208

14.33

3

86

18

26.53

2.11

86

18

4.15

899-3182,
3167-3204
No repeats found

-

-

-

-

143.4

4.12

1193-1364

2

2

84

-

161.6

4.03

6.27

3.61

86

18

101

4.34

853-1393,
1402-1466
No repeats found

-

-

-

-

336.7

3.69

22.63

2.00

86

5

Thr (16), Asp (11.9), Asn
(9.4), Ser(8.6)

284.5

3.74

19.06

2.14

86

7

1674

Thr (13.1), Asp (11.2),
Asn (9.68), Ser(9.2)

176.8

4.02

7.08

3.39

86

18

WP_002476148.1

1551

163.5

4.0

7.33

5.94

86

18

YP_004267641.1

1562

Thr (12.5), Asn ( 11.2),
Asp (11.3), Ser (10.1),
Asp(11.3), Asn (9.8), Thr
(13.3), Ser(9.15)

165

4.01

1107-3052, 30893189, 122-131
928-2569, 25772670, 2669-2683
928-1537,
1545-1605
832-1342,
1350-1481
816-1425, 14331493

7.08

3.39

86

18
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Figure 2.2: Graphical display of alignments of repeat modules.
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Table 2.3: Amino acid sequence in 86 amino acids tandem repeats in different
proteins used in this study.

Proteins

Sequence in tandem repeats of 86 amino acids

AAK388834.2

1

NVDLNGGEELQVTATDKDGNTSEPSSANVTDTTAPDAPTVNDV
TSDATQVTGQAEPNSTVKLTFPDGTTATGTADDQGNYTIDIPS86
1
AAY28520.1
NVDLNGGEELQVTATDKDGNTSEPSSTNVTDTTAPDAPTVNDVT
SDATQVTGQAEPGSTVTVTFPDGTTATGTADDQGNYTIDIPS86
WP_017723937.1 1QGNFSVEIPNVDLIGDEEIAVAQDKAGNKSEEATTTVTDATAPE
APTVNDVTSEDTQISGTAEPGSTVTVTFPDGTTATGTADD84
1
AAY28516.1
NVDLNGGEELQVTATDKDGNTSEPSSTNVTDTTAPDAPTVNDV
TSDATQVTGQAEPGSTVTVTFPDGTTATGTADDQGNYTIDIPS86
1
AAY28517.1
TTVTDTTAPEAPTVNEVTSEATQVSGTAEPGSTVTVTFPDGTTA
TGTADDQGNYTIDIPTNVNLDGGEEIQVTATDKDGNTSSEAT86
1
AAY28519.1
KDGNTSEPSSANVTDTTAPDAPTVNDVTSDATQVTGQAEPNST
VTVTFPDGTTATGTADDQGNYTIDIPSNVDLNGGEELQVTATD86
1
AAY28518.1
KDGNTSEPSSANVTDTTAPDAPTVNDVTSDATQVTGQAEPGST
VTVTFPDGTTATGTADDQGNYTIDIPSNVDLNGGEELQVTATD86
WP_002476148.1 1VTDTTAPDAPTVNDVTSDATQVTGQAEPGSTVTVTFPDGTTAT
GTADDQGNYTIEIPSNVDLNGGEELQVTATDKDGNTSEPSSAN86
YP_004267641.1 1KDGNTSEPSSANVTDTTAPDAPTVNDVTSDATQVTGQAEPGST
VTVTFPDGTTATGTADDQGNYTIDIPSNVDLNGGEELQVTATD86

Earlier studies reported the presence of putative calcium binding EF domain
in Bap (AAK38834.1) and its consequence on biofilm formation in the presence
of calcium (Arrizubieta et al., 2004). When other proteins in this study were
analysed for the presence of potential calcium binding EF-hand motif at >80%
homology to consensus D-{W}-[DNS]-{ILVFYW}-[DENSTG]-[DNQGHRK]-{GP}[LIVMC]-[DENQSTAGC]-x(2)-[DE]-[LIVMFYW] pattern at PROSCAN using
PROSITE database, they showed the presence of minimum 2 EF-hand motifs
with 91 and 89% homology and maximum 5 EF-hand motifs (Table 2.4). These
EF-hand motifs with certain shared % homology were found to be 100% identical
to each other. Table 2.4 also indicates that at least 3 EF-hand motif were located
before the TR region of Bap proteins and one EF-hand motif after the TR region.
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PSI-BLAST against Bap (AAK38834.1) with DYDKDGLLDRYEr (91% homology)
and DTDGDGKnDGDEV (89% homology) produced 38 sequences (E-Score >
3e-162) and 26 sequences (E-Score > 2e-146) in NCBI database. Relatively
conserved locations of predicted EF-hand motifs and significant homology in this
study, suggest a clear functional role in biofilm-associated proteins. Previous
studies have shown that the presence of calcium inhibits the biofilm formation in
Bap expressing S. aureus and modulate its architecture (Arrizubieta et al., 2004,
Shukla and Rao 2013b). This bioinformatics study suggests that calcium may
regulate the biofilm formation in a number of staphylococci, which expresses
homologous Bap proteins.
Table 2.4: Presence of putative calcium binding EF-hand domains and their
location in respective proteins. [A= DKDllpYIEGVEL (80% homology); B =
DYDKDGLLDRYEr (91% homology); C = DTDGDGKnDGDEV (89% homology);
D = DNSDSDDnSDNEd (80% homology)]

PROTEINS

PRESENCE OF PUTATIVE EF HAND DOMAINS AND

SEQUENCE ID

THEIR LOCATION IN RESPECTIVE PROTEINS
A

B

C

D

AAK38834.2

598 - 610

729 - 741

752 - 764

2198 - 2210

AAY28520.1

586 - 598

717 - 729

740 - 752

3200 - 3212

WP_002501035.1

598 - 610

729 - 741

752 - 764

1073 - 1085

WP_017723937.1

594 - 606

725 - 737

748 - 760

--

AAY28516.1

540 - 552

671 - 683

694 - 706

1452 - 1464

ABW74862.2

598 - 610

729 - 741

752 - 764

--

AAY28517.1

594 - 606

725 - 737

748 - 760

--

AAY28519.1

598 - 610

729 - 741

752 - 764

2664 - 2676

AAY28518.1

598 - 610

729 - 741

752 - 764

1596 - 1608

WP_002476148.1

489 - 501

620 - 632

643 - 655

1473 - 1485

YP_004267641.1

486 - 498

617 - 629

640 - 652

1484 - 1496
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Topology analysis of Bap proteins
Topological analysis was performed to predict the post-translation location
of the proteins (Table 2.5). Analysis done at SRTpred indicated that all proteins
had secretary signal peptide except ABW74862.2 from S. haemolyticus, which
mean these proteins are exported outside the cell post-translation. Secretory
signal sequences that are located at the amino termini direct the translated
proteins to the secretory (Sec) apparatus in the membrane and are cleaved
during secretion. This assumption is also supported by the aliphatic side chain
containing amino acids, which are favorable residues in SecA chaperon binding
site (Knoblauch et al. 1999), thus indicating that folding might occur during
secretion (Rahbar et al. 2010). PSLpred and CELLO scores identify Bap proteins
as extracellular proteins or outer membrane proteins. TMHMM analysis was done
using a hybrid approach, which uses amino acid composition, physicochemical
properties and dipeptide composition based algorithm. TMHMM analysis predicts
the presence of trans-membrane helices at C-terminal in all proteins except
ABW74862.2 from S. haemolyticus. Some proteins also showed the presence of
trans-membrane helix at the N-terminal side of the proteins. The presence of Cterminal trans-membrane helix suggested that secretion of these proteins can
only occur after translation (Delepelaire 2004).

Secondary structure analysis and patterns specific analysis
Secondary structural analysis using GOR platform suggest that biofilm
associated proteins are comprised of random coil, extended strand and alpha
helix as main structural contents (Table 2.7). Figure 2.3 indicate that Bap proteins
share the similar secondary structures. The results (Figure 2.3 and Table 2.7)
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also show that N-terminal regions of Bap proteins were dominated by alpha
helices (blue color), whereas C-terminal TR were mainly comprised of coils (red).

Table 2.5: Localization of biofilm associated proteins as predicted by different
bioinformatics tools. [S= secretary protein; NS = Non secretary protein; OMP=
outer membrane protein; ECP= Extracellular protein]
SEQUENCE ID
AAK38834.2

ORGANISM
TYPE
S. aureus

S

0.95575

AAY28520.1

S. hyicus

S

1.07560

S
S

0.92002
0.99359

S.
chromogenes
S.
haemolyticus
S. xylosus

S

0.91460

S. epidermidis
S. simulans
S. epidermidis
S. simulans bv.
Staphylolyticus

WP_002501035.1 S. epidermidis
WP_017723937.1 S. xylosus
AAY28516.1
ABW74862.2
AAY28517.1
AAY28519.1
AAY28518.1
WP_002476148.1
YP_004267641.1

SCORE

LOCALIZATION LOCALIZATION
PSLPRED
CELLO
OMP
Extracellular, Cell wall,
membrane
OMP
Extracellular, Cell wall,
membrane
OMP
Extracellular
ECP
Extracellular, Cell wall
membrane
OMP
Extracellular

NS -0.5282

ECP

Extracellular

S

1.13235

OMP

Extracellular, Cell wall
membrane

S
S
S
S

0.99988
0.90689
0.87125
0.90970

OMP
OMP
ECP
OMP

-

do
do

-

Extracellular
Extracellular, Cell wall,
membrane

Table 2.6: TMHMM Analysis prediction of transmembrane helices in proteins.
Sequence ID

Organism

AAK38834.2
AAY28520.1
WP_002501035.1
WP_017723937.1
AAY28516.1
ABW74862.2
AAY28517.1
AAY28519.1
AAY28518.1
WP_002476148.1
YP_004267641.1

S. aureus
S. hyicus
S. epidermidis
S. xylosus
S. chromogenes
S. haemolyticus
S. xylosus
S. epidermidis
S. simulans
S. epidermidis
S. simulans bv.
Staphylolyticus

Inside

TM
helix

1-19
1-19
1-19
-

20-39
20-39
20-39,
-

1-19

20-39

Outside
1 2248
40-3247
40-1334
1-1366
40-1499
1 -926
1 -3243
40-2714
1-1646
1-1523
1-1534

TM helix

Inside

2249-2266
3248-3267

2267-2276
3268-3278

1500-1519
3244-3261
2715-2732
1647-1664
1524-1541
1535-1552

1520-1530
3262-3271
2733-2742
1665-1674
1542-1551
1553-1562
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S. aureus (AAK38834.2)

S. hyicus (AAY28520.1)

S. epidermidis (WP_002501035.1)

S. xylosus (WP_017723937.1)

S. chromogenes (AAY28516.1)

S. haemolyticus (ABW74862.2)

S. xylosus (AAY28517.1)

S. epidermidis (AAY28519.1)

S. simulans (AAY28518.1)

S. epidermidis (WP_002476148.1)

S. simulans by. (YP_004267641.1)

Figure 2.3: Graphical results for secondary structure predictions of biofilm
associated proteins. Extended strand: purple, Coil: red, Helix: blue.
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Table 2.7: Percentage of secondary structure elements of Biofilm associated
proteins.

Sequence id

Organism

Alpha
helix
(blue)

Random
coil
(orange)

Extended
strand
(red)

AAK38834.2

S. aureus

10.33

68.76%

20.91%

AAY28520.1

S. hyicus

7.32%

69.71%

22.97%

WP_002501035.1 S. epidermidis

16.04%

61.47%

22.49%

WP_017723937.1 S. xylosus

15.59%

57.98%

26.43%

AAY28516.1

S. chromogenes

14.25%

66.01%

19.74%

ABW74862.2

S. haemolyticus

24.84%

57.99%

17.17%

AAY28517.1

S. xylosus

8.28%

64.38%

27.33%

AAY28519.1

S. epidermidis

8.02%

70.13%

21.85%

AAY28518.1

S. simulans

13.92%

65.29%

20.79%

13.02%

67.83%

19.15%

S. simulans bv. 12.61%

66.39%

21.00%

WP_002476148.1 S. epidermidis
YP_004267641.1

Staphylolyticus

This drastic difference in structure in N-terminal and C-terminal may have
different functional and structural implications. As shown in Table 2.4, three
putative EF domain present in N-terminal of the proteins might play a calciummediated regulatory role whereas C-terminal could play a structural role.
However, the presence of repeat domain with high homology in all proteins
suggests that TR may have some functional role as well.
Multiple sequence alignment shows that some amino acid sequences are
highly conserved (Figure 2.2). A recent report shows that repeated domains
contain an amyloidogenic peptide motif -STVTVTF- derived from the biofilmassociated protein from S. epidermidis C533 isolate (GenBank: AAY28519.1),
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which was responsible for cell–cell interaction through hydrophobic interaction
(Lembre et al. 2014).

Figure 2.4: Colored scheme of conserved functional and structural residues in
AAK38834.2 and WP_002476148.1. The important functionally and structurally
conserved amino acid residues in 86 AA repeat modules are located upstream to
amyloidogenic heptapeptide.
When all proteins in this study were investigated for the presence of
amyloidogenic heptapeptide motif -STVTVTF-, it was found to be present in all
the proteins except AAK38834.1. AAK38834.1 had only one -STVTVTF- in
primary sequence whereas the rest of the repeats have slightly different
heptapeptide (-STVKLTF-). TANGO, AGGRESCAN and PASTA analysis was
performed to reconfirm that 86 amino acid peptide sequence manifest
aggregation propensity due to the presence of heptapeptide. These tools are
designed based on a simple statistical mechanics algorithm. This algorithm is
based on the physicochemical principles of secondary structure formation which
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is based on the assumption that the core regions of an aggregate are fully buried.
PSIpred analysis predicts heptapeptide -STVTVTF-, which is hypothesized to
facilitate protein –protein interaction, to be present on β-strands and exposed
towards the surface (Figure 2.4).

Tertiary structure homology/analogy recognition
The secondary structure analysis suggest that TRs may participate in
aggregation and aid in protein-protein interaction due to the hydrophobic nature
of the heptapeptide, tertiary structure analysis was done at Phyre2 server.
Analysis at Phyre2 server generates a number of homologous potential models
with different ranking depending on the confidence score. Figure 2.5 shows
predicted

homologous

domains

for

WP_002476148.1,

which

showed

homologous structures with the highest confidence at Phyre2 server. All proteins
in these study, showed highest structural homology with giant Ca2+-binding
adhesin SiiE in Salmonella enterica (Griessl et al., 2013) with confidence score
of 98.4 to 99.3, followed by a bacterial immunoglobulin-like domain of ice-binding
adhesin from the Marinomonas primoryensis (Guo et al., 2013). However, it can
be speculated that these predicted domains might be structurally similar but tend
to be functionally different as calcium binding EF domains are not located in TRs.
In these predicted homologous models, amyloidogenic heptapeptide –
STVTVTF was found to be present on β-strands in all the predicted domains
which confers ability to participate in the domain-domain interaction. This
observation reconfirms the secondary structural analysis at PSIpred and
suggests similar folding topology. Earlier, TRs were hypothesized to be HYR
domain kind of structures (Latasa et al. 2006). High homology of predicted
module with Figure 2.5A and 5E suggest the folding pattern of that TR modules
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D

A
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Figure 2.5: Predicted homologous domains for WP_002476148.1 which showed
homologous structure with highest confidence at Phyre2 server. (A), (C) and (E)
are submitted PDB structure of SiiE (Griessl et al. 2013), Ice binding adhesin
(Guo et al. 2013) and Ca2+ stabilized Ice binding adhesin (Vance et al. 2014). (B),
(D) and (F) are homologous structures to (A) (C) and (E) with confidence score
of 99.3, 99.0 and 98.1 respectively.
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are very similar to seven-stranded sandwich proteins within the immunoglobulinlike fold super family (PFAM accession no. CL0159), which includes the HYR
domain as a family member (Callebaut et al. 2000). This suggests that Bap forms
a “beaded-filament” kind of tertiary structure (Sanz-Aparicio et al. 1997).

Functionally and structurally important residues
Further investigation for the functionally and structurally important residues were
carried out at ConSurf server. Figure 2.6 shows that most functional and
conserved residues are reported to be located in upstream of the heptapeptide.
The highest number of functionally and structurally conserved amino acid
residues in TR sequence were located at 15-28 amino acid upstream of the
amyloidogenic heptapeptide. Such distribution arrangement of the functionally
and structurally conserved amino acid residues suggest that the conserved
regions might function to maintain a common structural motif, while
amyloidogenic heptapeptide might aid in inter-protein interaction and adhesion.
Antigenic propensity and surface accessibility
To have a better antigenic propensity, it is imperative to focus on protein
sequences that are comparatively conserved. Other important factors are
repetition, hydrophilicity and accessibility. Thus, TR in Bap are potential target to
search for immunogenic epitopes, therefore, were selected for immunogenic
studies. BcePred analysis with accuracy of 56% using four amino acid properties
viz.; hydrophylicity, flexibility, polarity and exposed surface identifies TVTVTFPD
that overlaps amyloidogenic heptapeptide as a major B-cell epitope (Table 2.8).
Whereas AntigenPro predicted

DVTSDATQVTGQAEPNST,just upstream to

amyloidogenic heptapeptide to be B-cell epitope with antigenic propensity index
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in the range of 0.69 to 0.83 as shown in Table 7. As other analyses have indicated
in this study, if amyloidogenic heptapeptide indulges into domain-domain
interaction it would not be easily accessible as B-cell epitope.

Figure 2.6: Identification of conserved structural and functional residues in repeat
modules of Bap proteins.
Whereas the sequence as per the AntigenPro that is upstream to
amyloidogenic heptapeptide and part of the random coil (Figure 2.6) has higher
antigenicity and accessibility. These epitopes were also predicted to have good
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solubility ranging from 0.55 to 0.83 when over-expressed in E. coli. ConSurf
analysis also showed this upstream sequence to be conserved as shown in
Figure 2.6.
Table 2.8: Predicted antigenic propensity and predicted solubility upon
overexpression in E. coli. A = Predicted Probability of Antigenicity; B = Predicted
Solubility upon Overexpression

Proteins

Predicted Antigenic Propensity

A

B

AAK38834.2

NVDLNGGEELQVTATDKDGNTSEPSSANVTDTTAPDAPTVND
VTSDATQVTGQAEPNSTVKLTFPDGTTATGTADDQGNYTIDIPS

0.79

0.70

AAY28520.1

NVDLNGGEELQVTATDKDGNTSEPSSTNVTDTTAPDAPTVNDV
TSDATQVTGQAEPGSTVTVTFPDGTTATGTADDQGNYTIDIPS

0.78

0.70

WP_017723937.1

QGNFSVEIPNVDLIGDEEIAVAQDKAGNKSEEATTTVTDATAPE
APTVNDVTSEDTQISGTAEPGSTVTVTFPDGTTATGTAD

0.83

0.83

AAY28516.1

NVDLNGGEELQVTATDKDGNTSEPSSANVTDTTAPDAPTVND
VTSDATQVTGQAEPGSTVTVTFPDGTTATGTADDQGNYTINIPS

0.78

0.84

AAY28517.1

TTVTDTTAPEAPTVNEVTSEATQVSGTAEPGSTVTVTFPDGTTA
TGTADDQGNYTIDIPTNVNLDGGEEIQVTATDKDGNTSSEAT

0.69

0.55

AAY28519.1

KDGNTSEPSSANVTDTTAPDAPTVNDVTSDATQVTGQAEPNST
VTVTFPDGTTATGTADDQGNYTIDIPSNVDLNGGEELQVTATD

0.72

0.66

AAY28518.1

KDGNTSEPSSANVTDTTAPDAPTVNDVTSDATQVTGQAEPGST
VTVTFPDGTTATGTADDQGNYTIDIPSNVDLNGGEELQVTATD

0.73

0.73

WP_002476148.1

VTDTTAPDAPTVNDVTSDATQVTGQAEPGSTVTVTFPDGTTAT
GTADDQGNYTIEIPSNVDLNGGEELQVTATDKDGNTSEPSSAN

0.73

0.74

YP_004267641.1

KDGNTSEPSSANVTDTTAPDAPTVNDVTSDATQVTGQAEPGST
VTVTFPDGTTATGTADDQGNYTIDIPSNVDLNGGEELQVTATD

0.73

0.73

2.4 Conclusion
This study establishes that Bap like proteins in staphylococci are cell wall
anchored proteins which can be exported using Type I or III secretory system.
Bap proteins have two distinct parts; N-terminal part, which contains calcium
binding EF-hand domain, that plays a regulatory role in Bap functioning and C-
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terminal part, which predominantly comprised of tandem repeats plays a
structural and functional role. Amyloidogenic heptapeptide is conserved and
hypothesized to participate in domain-domain interaction via hydrophobic forces.
TR domains show the highest homology with giant Ca2+ binding adhesin SiiE in
Salmonella enterica and acquire a beaded-chain like structure. Amino acid
sequence “DVTSDATQVTGQAEPNST” in TR domain is predicted to be a
potential antigenic region, which can be used in immunogenic tests.
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: Biofilm development by S. aureus
isolates in the presence of calcium
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3.1 Introduction
Biofilm development is a multi-step process involving an initial adhesion
phase, followed by micro-colony formation and subsequently resulting in a mature
biofilm (Stoodley et al. 2002). In the recent past biofilms have been recognized
as main cause of nosocomial infections (Costerton et al. 1995; Donlan 2001;
Stoodley et al. 2002). Among the various infection causing bacteria,
Staphylococcus aureus is predominant and it colonizes the host tissue by binding
to extracellular matrix (Donlan 2001). The pronounced ability of S. aureus to
develop biofilms in a variety of environments has drawn the attention of scientific
community (Lowy 1998). Prevention and control of S. aureus infection is
cumbersome since it is associated with biofilm development which per se confers
tolerance to antimicrobial agents (Sutra and Poutrel 1990; Lowy 1998; Donlan
2001). The poor success rate in treatment of staphylococci is also due to illdiscerned fundamentals of biofilm development by S. aureus. Thus it is
worthwhile to study the details of S. aureus biofilm establishment and
development which can pave way to design strategies for treatment of S. aureus
infections.
In biological systems, Ca2+ is recognized as intracellular and extracellular
messenger molecule (Brown et al. 1995; Maurer et al. 1996). When Ca2+ acts as
a secondary messenger, it regulates many vital functions like cell cycle and cell
division, competence, pathogenesis, motility, chemotaxis, and quorum sensing
(Norris et al. 1991, 1996; Smith, 1995; Holland et al. 1999; Michiels et al. 2002).
On the other hand extracellular Ca2+ plays mainly a structural role where it
maintains the integrity of the cell wall (Michiels 2002). Mastitis is an infection in
milk producing mammary gland caused by S. aureus (Bramley et al, 1989). Milk
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contains Ca2+ in the range of 5 to 32 mM and it has not been studied whether
presence of Ca2+ can influence S. aureus biofilm development or inhibition.
Stanley et al. (1983) observed that there was an increased adhesion of
Pseudomonas aeruginosa to stainless steel surface when Ca2+ concentration
was increased from 0.1 mM to 10 mM. In an interesting report it was shown that
Streptococcus thermophillus shows maximum initial adhesion rate at 1 mM Ca2+
and a reduction in adhesion rate below or above 1 mM Ca 2+ concentration (van
Hoogmoed et al. 1997). The authors could not explain the unusual behaviour of
S. thermophillus, whether it is based on electrostatic interactions etc. If it is
electrostatic interaction between S. thermophillus and Ca2+, it would have been
either directly proportional or vice-versa. Slime producing staphylococci strains
like Staphylococcus epidermidis showed enhanced adhesion to hydrophobic
polystyrene surface in the presence of 128 µM Ca2+. Variants of S. epidermidis
that did not produce slime also exhibited similar adhesion property in presence
of Ca2+. These results suggest that exo-polysaccharides do not participate in Ca2+
dependent enhancement of bacterial adhesion to hydrophobic surfaces (Dunne
and Burd 1992). Various studies have explained that all bacteria do not show
enhanced adhesion with increasing Ca2+ concentration. Therefore, with current
understanding (Stanley et al. 1983, Dunne and Burd 1992 and van Hoogmoed et
al. 1997) it is hypothesized that the mechanism by which Ca 2+ influences cell
adherence to surfaces is a complex phenomenon. Thomas et al. (1993) reported
that S. aureus and S. epidermidis showed Ca2+ dependent enhanced adhesion
to sub-maxillary gland mucin. This study postulated two mechanisms for the
adherence of S. aureus to mucin: one involving surface proteins that bind Ca 2+
and the other involving surface proteins that interact with mucin independent of
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Ca2+. To establish primary attachment to surfaces many bacteria use their pili or
flagella (Virji et al. 1993). There are also reports that surface proteins play an
important role in primary adherence and in biofilm development (Cucarella et al.
2001; Eaton and Gasson 2002; Shankar et al. 2002; Tendolkar et al. 2004). Apart
from surface proteins other biomolecules such as polysaccharides also
participate in bacterial adhesion via specific or nonspecific interactions with solid
surfaces (McNab et al. 1996, 1998; Whittaker et al. 1996). It was proposed that
polymer bridging might be one of the mechanisms for anchoring the bacterial cell
without making any intimate contact with the surface (Marshal et al. 1971;
Fletcher 1988).
Recently, a large surface protein named Bap from S. aureus V329 was
found to be involved exclusively in initial adhesion phase and biofilm formation
(Cucarella et al. 2001). This protein has been reported to have four potential
calcium binding EF domains (Arrizubieta et al. 2004). Calcium binding EF hand
motif was discovered from the crystal structure of parvalbumin (Kretsinger et al.
1973) and since then it remained as the most commonly found calcium binding
motif in nature. EF hand motif comprises of two nearly perpendicular α-helices
separated by a 12-residue loop (Figure 1.1). Most of the EF-hand motif containing
calcium-binding proteins are recognized by homology in their Ca 2+-binding loops
where amino acid residues 1, 3, 5, 7, 9 and 12 of the loop provide the ligands,
the complexion property of Ca2+ (Michiels et al. 2002).
Arrizubieta et al. (2004) reported that Ca2+ inhibits Bap-dependent multicellular behaviour in S. aureus but does not affect the Bap expression. However,
the authors did not highlight the possible influence of the intrinsic Ca2+ in tryptic
soy broth (TSB) medium and gave more emphasis on multi-cellular behaviour of
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S. aureus V329 in presence of Ca2+. In the present study, the influence of Ca2+
on biofilm development of four isolates of S. aureus (see Table 3.1), was
investigated. The putative role of Bap in biofilm development in presence of Ca2+
was studied. Confocal laser scanning microscopy (CSLM) was used to analyze
the topography of S. aureus biofilm in response to Ca2+ concentration.

3.2 Materials and Methods
Microorganisms and culture conditions
Five S. aureus isolates were used in the study. S. aureus V329 was
procured from Prof. InigoLasa, Spain, which is a strong biofilm forming strain.
Three clinical isolates of S. aureus were procured from Department of
Microbiology, Karnataka veterinary college, Bengaluru, and were designated as
SA7, SA10 and SA33 respectively. A bap-isogenic mutant, S. aureus M556
procured from Prof. José R Penadés, Spain, was also included in the study. M556
strain was generated by transposon insertion in bap gene of S. aureus V329
(Cucarella et al., 2001).
Before each experiment the inoculums from the stock cultures were added
to the freshly prepared media and allowed to grow overnight in an incubator at
37oC. Two ml of overnight grown S. aureus cultures were inoculated in 50 ml of
tryptic soy broth (TSB) supplemented with 0.25% glucose (w/v) in 250 ml
Erlenmeyer’s flasks and were incubated at 37oC in an incubator at 150 rpm. Mid
log phase cells were harvested, washed two times with phosphate buffer saline
(PBS) and used for the biofilm studies after adjusting the absorbance (O.D.) to
0.5 at 600 nm.
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Table 3.1: Details of S. aureus strains used in this study
Strain

Details

Source

S. aureus V329

V329, bap-positive

Prof. I. Lasa, Spain

mastitis isolates
S. aureus M556

M556, bap-isogenic

Prof. J.R. Penades, Spain

mutant of V329
S. aureus 7

SA7, mastitis isolate

Department of
Microbiology, Karnataka
Veterinary College, India

S. aureus 10

SA10, mastitis isolate

-do-

S. aureus 33

SA33, mastitis isolate

-do-

TRIS-G minimal media supplemented with 1% glucose (w/v) was used in
some of the experiments. Constituents of the one liter TRIS medium were as
follows; Tris (hydroxymethyl)aminomethan 6.057 g, Tris HCl 7.88 g, NaCl (4.675
g), KCl (1.4912 g), NH4Cl (1.0698 g), Na2SO4 (4.261g), MgCl2.6H2O (2.033 g),
CaCl2.2H2O (0.294 g), NaH2PO4.2H2O (40.mg), Ferrus ammonium-citrate (4.8
mg/l) and 100 µl of trace elements stock solution [5 mM Zinc sulphate
heptahydrate, 5 mM manganese chloride-Tetrahydrate, 10 mM Boric acid, 1 mM
Nickel chloride hexahydrate, 1,5 mM sodium molybdate- dehydrate]. In addition,
culture media were supplemented with filter sterilized CaCl2, MgCl2, NaCl and
EDTA at various concentrations as per the experimental design .
Bioinformatic analysis
Prediction of probable site and signature sequences present in Bap protein
was done by searching against Prosite data base by using PROSCAN (http://npsa-
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pbil.ibcp.fr/cgi-bin/npsa_automat.pl?Page=/NPSA/npsa_proscan.html) (Combet et al.

2000).
PCR for bap gene detection
Bacterial cultures were grown overnight and genomic DNA was isolated
from 3 ml mid log phase culture using a Qiagen DNA isolation kit according to
manufacturer’s protocol except that the bacterial cells were lysed by 5 µl of a 10
mg/ml solution of lysostaphin (Sigma) and incubated at 37°C for 2 h. For the
detection of the bap gene, a set of previously published primers were selected
(Table 3.2) (Potter et al., 2009; Vautor et.al. 2008). This ensures specificity and
minimum bias in PCR amplification. Each primer set was targeted to different
region of bap gene. A very low stringent condition for PCR like annealing
temperature was kept at 45oC to rule out the possibility of sequence variations.
PCR program was set up as follows; an initial denaturation at 94oC for 5 min was
followed by 40 cycles of 94oC for 1 min, 45oC for 30 sec, and 72oC for 1 min with
a final step at 72oC for 5 min. The size of the PCR products was analyzed by
electrophoresis on 1% (w/v) agarose gel.
Dot blotting and hybridization for the bap gene
Briefly, 50 ng of denatured DNA was spotted onto Hybond N+ nylon
membrane and DNA was UV-cross-linked to the membrane according to the
manufacturer’s instructions (Amersham Biosciences, India). The PCR product
amplified with the primers sabF and sabR (Table 3.2), specific for the bap gene
(971 bp long) from the V329 S. aureus strain, was used as the probe. This PCR
product was purified with a QIAquick PCR purification kit (Qiagen, India). Purified
PCR product was labeled using random-primed DNA labeling method with
digoxigenin-dUTP as per the manufacturer’s instructions (Roche Applied
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Science, India). The hybridization with labelled probe was done at 60oC
overnight. The hybridized probe was detected by the DIG DNA labeling and
detection kit (Roche Applied Science, India) as per the manufacturer’s
instructions.
Estimation of Ca2+in TSB medium
Ca2+ concentration in TSB was estimated using an inductively coupled
plasma-atomic emission spectrometer (ICP-AES, model: Ultima-2, Horiba JovinYvon, France). Sodium ion interference in ICP-AES analysis was reduced by
dilution. Three dilutions of TSB; 1:5, 1:10 and 1:20 were used to estimate the
concentration of Ca2+. The mean value of the three dilutions was taken in to
account.
Auto-aggregation assay
This assay was performed as per the standard procedure detailed by Beloin
et al. (2006). The S. aureus stock cultures were sub cultured; the overnight grown
broth (2 ml) was inoculated in 50 ml of TSB medium. Mid log phase cells were
harvested and washed three times in PBS. Final OD was set to 1.0 in the PBS at
600 nm. The cell suspension was incubated at 37oC for 4 h Filter sterilized
Calcium chloride was added to achieve different concentration of Ca 2+. After 4h
of incubation absorbance was measured at 600 nm and percentage of autoaggregation was calculated by using the following formula:
% Autoaggregation =

𝑂𝐷𝑜 − 𝑂𝐷𝑡
X100
𝑂𝐷𝑜

Where, OD0isOD at zero hour and ODt is OD at t hours (i.e., given time).
Microtitre plate assay for biofilm quantification
Staphylococcus aureus V329, M556, SA7, SA10 and SA33 biofilms were
formed on pre-sterilized 96 well flat bottom polystyrene micro-titre plates in
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triplicates. A micro-titre plate based crystal violet assay is an indirect method of
biofilm quantification and was first described by Christensen et al. (1985). Since
then several modifications have been made to increase its accuracy (O'Toole and
Kolter, 1998; Stepanovic et al., 2000). However, micro-titre plate based assays
share the issue of “edge effect”. The “edge effect” occurs mainly due to two
reasons; first, peripheral wells are more ventilated thus can provide more O2 for
bacterial growth. Secondly, water evaporates quickly from peripheral wells
thereby providing the planktonic cells to stick to the walls, which in turn binds the
crystal violet dye and gives a false reading as biofilm biomass. The “edge effect”
poses serious concerns when determination of antimicrobial or anti-biofilm
efficacy of compounds has to be tested since evaporation increases the
concentration of “testing compound” and the experiment end up with wrong
crystal violet absorbance values.
In this study, some improvisation was made in the crystal violet assay to
reduce water loss from the peripheral wells and to reduce the edge effect. The
improved method showed a significant reduction in edge effect and minimized
the error in crystal violet assay. A 10 µl of cell suspension having 0.5 O.D600 was
inoculated in 190 µl TSB medium in each well and autoclaved distilled water was
added in peripheral wells to reduce the water loss. Then micro-titre plate was
incubated for 16 h at 37oC. After aspiration of planktonic cells biofilms were fixed
with 99% methanol. Plates are washed twice with phosphate buffer saline or
sterile saline water and air-dried. Then, 200 μl of crystal violet solution (0.2%)
was added to all wells. After 5 min, the excess crystal violet was removed and
plates were washed twice and air dried. Finally, the cell bound crystal violet was
dissolved in 33% acetic acid. Biofilm growth was monitored in terms of O.D570 nm
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using micro plate reader (Multiskan, Thermo Labsystems). The plate assay was
also used to observe the interaction of Bap protein with Mg2+ and in NaCl gradient
of 0.1 - 0.5 % in presence of Ca2+.
Planktonic growth studies
The experiments were carried out with overnight grown bacterial cultures by
harvesting the cells and rinsing them twice with PBS and OD of each culture was
set to 0.5 at 600 nm wherein the cell concentration was 1x10 8 cfu /ml. 100 µl of
each S. aureus culture was inoculated in 1900 µl of TSB medium supplemented
with 0.25% glucose. Cultures were incubated at 37oC and 150 rpm. Absorbance
of each culture was recorded at different time intervals after vortexing for 5 sec,
to re-suspend the settled cells.
Confocal laser scanning microscopy (CSLM) studies and image
analysis
Biofilms grown on pre-sterilized microscopic glass slides were studied using
CSLM (Saravanan et al. 2006). A 2 ml of 0.5 OD cultures of S. aureus was
inoculated in sterile petri plates containing 20 ml of TSB medium supplemented
with 0.25% glucose. Sterile glass slides were immersed into the medium as
substratum for biofilm growth. The petri-plates were incubated at 80 rpm for 15
min on a shaker for proper mixing of the CaCl2 and EDTA and incubated for 16 h
at 37oC. The glass slides were gently washed with PBS to remove loosely
attached cells and stained with 0.2 % acridine orange for 5 mins, thereafter the
slide is thoroughly washed with PBS. A thin cover slide was mounted over the
stained biofilm and observed by keeping the slide upside down on objective lens
of the confocal laser scanning microscope (TCS SP2 AOBS) equipped with DM
IRE 2-inverted microscope (Leica Microsystems, Germany). Image stacks were
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collected from 20 random points of the biofilms in order to get an accurate mean
value of the biofilm parameters. Quantification of the biofilm parameters (average
thickness, maximum thickness, total biomass, surface to biovolume ratio and
roughness coefficient) was done by COMSTAT program written as a script in
MATLAB 5.2 software (Heydorn et al. 2000). Each experiment was repeated
three times to have statistically significant data.
Statistical Analysis
All data are expressed as mean standard deviation (SD) of the triplicate
experimental data. A two-tailed Student’s t-test was used to determine the
differences in biofilm formation between the control and each group. The P value
of < 0.05 was taken as significant.

3.3 Results
Improvisation in classical crystal violet assay method
Micro-titre plate results showed that when S. aureus biofilms are grown in
96 well micro-titre plates for more than 12 h, it is observed that biofilms grown in
peripheral wells were thicker (with higher crystal violet absorbance at 570 nm)
(Figure 3.1). However, when autoclaved distilled water was added in peripheral
wells the results showed a significant reduction in the edge effect as shown in
Figure 3.2. The results showed a relative homogeneity in biofilm formation in 96
well micro-titre plates with reduced standard deviation in crystal violet absorption
values.
In silico analysis of Bap protein
Bap protein sequence analysis was done by searching against Prosite data
base using PROSCAN (http://npsa-pbil.ibcp.fr/cgi-bin/npsa_ automat.pl?page=
/NPSA/npsa_ proscan.html) programme. The analysis showed the presence of
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four putative EF hand motifs with 80% homology with consensus sequence of EF
hand

motif

“D-{W}-[DNS]-{ILVFYW}-[DENSTG]-[DNQGHRK]-{GP}-[LIVMC]-

DENQSTAGC]-x(2)-[DE]-[LIVMFYW]” (Prosite accession

no. PS00018).

Presences of putative sites of EF hand motif are shown in Table 3.3 and
corresponding locations are shown in Figure 1.1, schematically.

Figure 3.1: Image showing non-homogenously formed S. aureus biofilm in 96
well micro-titre plate due to edge effect. Apparently peripheral wells have more
crystal violet binding to biofilm compared to inner wells.

Figure 3.2: Image showing the homogeneity in S. aureus biofilm formation
when side wells were filled with sterilized distilled water.
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PCR mediated detection of bap gene in S. aureus isolates
All S. aureus strains were screened for the presence of bap gene, S. aureus
V329 a bap-positive strain was used as positive control. PCR mediated search
for bap gene resulted in the design of six sets bap-specific primers (Table 3.3)
targeting different regions of bap was performed. Figure 3.3 shows that bap gene
was present in V329 and M556 but no amplification band was found by any set
of primers in SA7, SA10 and SA33. Therefore, all three S. aureus

strains were

considered as natural bap-negative strains. Figure 3.3 shows the corresponding
sizes of the anticipated amplicons were present in V329 and M556 (as shown in
Table 3.3). M556 strain showed the presence of bap gene, since it was
constructed by insertion of transposon in to downstream of bap gene, resulting in
the production of truncated protein lacking cell wall anchoring region.
Table 3.2: Primers used to detect bap gene in the study.

Primers Sequence (5’-3’)

Amplified
Product
(bp)

Reference

Bap1 F
Bap1 R
Bap2 F
Bap2 R
Bap3 F
Bap3 R
Bap4 F
Bap4 R
Bap5 F
Bap5 R
sab F
sab R

694
598

Potter
et.
al., 2009
-do-

574

-do-

631

-do-

407

-do-

971

Vautor
et.al., 2008

ATGGGAAATAAACAAGGTTTTTTACC
CTTCTTGTTGTTTATCTGGCTC
GAGCCAGATAAACAACAAGAAG
CATGCTCAGCAATAATTGGATC
GATCCAATTATTGCTGAGCATG
CACCTTCGATATATGGTAGTAAGTC
GACTTACTACCATATATCGAAGGTG
CCTCTGCATTAATTACTTTAGC
GTTCCTCTTAAAGAAGGTGCAG
CTAGCTGTTGAAGTTAATACTG
CCCTATATCGAAGGTGTAGAATTGCAC
GCTGTTGAAGTTAATACTGTACCTGC
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Table 3.3: Presence of putative calcium binding EF-hand domains and their
location in respective Bap protein sequences. [A= DKDllpYIEGVEL (80%
homology); B = DYDKDGLLDRYEr (91% homology); C = DTDGDGKnDGDEV
(89% homology); D = DNSDSDDnSDNEd (80% homology)]. (Chapter 2; Table
2.3)

PROTEINS

PRESENCE OF PUTATIVE EF-HAND DOMAINS AND

SEQUENCE ID

THEIR LOCATION IN RESPECTIVE PROTEINS
A

B

C

D

AAK38834.2

598 - 610

729 - 741

752 - 764

2198 - 2210

AAY28520.1

586 - 598

717 - 729

740 - 752

3200 - 3212

WP_002501035.1 598 - 610

729 - 741

752 - 764

1073 - 1085

WP_017723937.1 594 - 606

725 - 737

748 - 760

--

AAY28516.1

540 - 552

671 - 683

694 - 706

1452 - 1464

ABW74862.2

598 - 610

729 - 741

752 - 764

--

AAY28517.1

594 - 606

725 - 737

748 - 760

--

AAY28519.1

598 - 610

729 - 741

752 - 764

2664 - 2676

AAY28518.1

598 - 610

729 - 741

752 - 764

1596 - 1608

WP_002476148.1 489 - 501

620 - 632

643 - 655

1473 - 1485

YP_004267641.1

617 - 629

640 - 652

1484 - 1496

486 - 498
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Figure 3.3: Detection of bap gene by six sets of bap specific primers in different
strains. For Bap1 to Bap6 set of primers lanes are marked respectively in gel
images. For sab F/R primers; Lane 1 -DNA ladder, lane 2- S. aureus V329, lane
3- SA 7, lane 4- SA10, lane 5- SA33, lane 6-M556.
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Detection of bap gene by hybridization with bap-specific DIGlabeled probe
Random mutations or deletions in the primer pairing regions of the bap gene
could have affected PCR mediated approach for the detection of bap gene. Dot
blotting of isolated genomic DNA on nylon membrane and hybridization with bapspecific DIG-labeled probe followed by antibody mediated detection showed the
presence of bap gene in V329 and M556 (Figure 3.4). Other S. aureus clinical
isolates i.e. SA7, SA10 and SA33 were found to be bap- negative since there was
no color development on genomic DNA blots respectively. Since similar results
were noticed with PCR study, the dot blot assay compliment the findings of PCR
mediated approach for the detection of bap gene.

Detection of bap gene by
hybridization using DIG-labelled
DNA probe

Figure 3.4: Detection of bap gene by dot blotting and hybridisation with bap
specific probe (~1 kb) from S. aureus strains; (1) S. aureus V329 (positive
control), (2) SA7 (3) SA10 (4) SA33 (5) M556.
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Figure 3.5: Effect of different concentration of Ca2+ on auto-aggregation behavior
of different S. aureus strains. Error bars at some points are not visible due to very
small variation.

Effect of Ca2+ on auto-aggregation in S. aureus
To study the effect of Ca2+ on auto-aggregation milimolar (mM)
concentrations of Ca2+ were added and tested in S. aureus cultures. Ca2+
enhanced the auto-aggregation in all S. aureus strains, irrespective of the
presence of bap gene. Figure 3.5 indicates that the percentage of autoaggregation ranged from 80 to 99% with all the strains. Thus, it can be inferred
that Bap may not be responsible for the Ca2+ mediated aggregation behaviour of
S. aureus since bap-isogenic mutant M556 as well as other bap-negative S.
aureus isolates also showed auto-aggregation.
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Effect of Ca2+ on S. aureus biofilm development and planktonic
growth
The effect of milimolar concentration of Ca2+ on biofilm growth of bappositive V329, bap mutant M556 and the three bap-negative strains of S. aureus
was monitored by micro-titre plate assay. The inhibition of V329 biofilm
development in presence of Ca2+ was visually observed by the decrease in
thickness of the biofilm growth ring formed at the surface of culture broth when
grown in the glass test tubes (Figure 3.6). The biofilm assay (Figure 3.7) showed
that Ca2+ significantly inhibited biofilm growth in bap-positive V329 strain in a
dose dependent manner. However, it did not affect the biofilm growth of bapnegative SA7 and SA33 even up to 50 mM concentration while SA10 showed
reduced biofilm formation at >12.5 mM Ca2+. Strain V329 initially showed a
gradual decrease in biofilm formation up to 6.25 mM, later significant reduction
was observed. On the other hand bap-mutant M556 formed very weak biofilm
and the presence of Ca2+ did not alter its biofilm forming capacity positively or
negatively. Although SA7 showed an initial decrease in biofilm growth it gradually
increased from 0.75 – 50 mM Ca2+. Strains SA33 and M556 almost showed
similar growth pattern in presence of Ca2+. Growth studies (Figure 3.8) showed
that Ca2+ did not decrease the growth of the cells in any of the S. aureus strains
except SA10 where planktonic growth was hampered at 5 mM Ca2+, which
resulted in inhibition of biofilm formation. This also proves that biofilm inhibition
of SA10 strain in presence of Ca2+ is essentially Bap independent.
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Figure 3.6: Effect of Ca2+ on biofilm forming capacity of a 24 h culture on the
surface of the glass test tube (visual observation). a) Control; b) Ca2+ 0.5 mM; c)
Ca2+ 1 mM; d) Ca2+ 2 mM; e) Ca2+ 5 mM; f) Ca2+ 10 mM.
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Figure 3.7: Comparative study of biofilm forming capacity among bap-positive and
bap-negative strains of S. aureus in the presence of different concentration of Ca2+.
Biofilm was evaluated after 16 h of growth. Error bars at some points are not visible
due to very small variation.
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Figure 3.8: Effect of different concentration of Ca2+ on planktonic growth of S.
aureus strains.
Effect of growth medium on S. aureus biofilm development in the
presence of Ca2+
In the present study ICP-AES analysis showed that the concentration of
Ca2+ in TSB medium was 7.36 ± 0.85 mM. It was observed that addition of Ca2+
to TSB medium enhanced the turbidity. This observation contemplates that the
essential nutrients or factors which might be required for biofilm formation could
have been complexed with Ca2+. To rule out this possibility minimal media was
used to observe the effect of Ca2+ on biofilm formation of bap-positive and bapnegative strains. Biofilm assay using TRIS minimal medium supplemented with
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1% glucose (TRISG), showed that S. aureus V329 exhibited similar behavior in
presence of Ca2+ as shown in TSB complex media (Figure 3.9). Thus it can be
inferred that biofilm producing capacity was decreased in the presence of Ca 2+.
Strain M556, a bap mutant formed very weak biofilm in TSB as well as TRIS and
did not show any response in presence of Ca2+. Similarly SA7 and SA33 strains
did not show biofilm inhibition in presence of Ca2+. However, SA10 showed
reduced biofilm formation in minimal media TRISG (Figure 3.9). It can be
speculated that this particular S. aureus strain (SA10) needs an unknown factor
present in complex media for growth which also competes with Ca2+ and binds to
the unknown-ligand. At very high concentration (>12.5 mM) Ca 2+ showed more
affinity to its ligand than unknown factor hence reduced the growth of biofilm. On
the other hand in minimal media the unknown factor is absent hence biofilm
formation is significantly decreased and we did not see any competing effect at
all concentrations of Ca2+.
Effect of divalent ions and increasing salt on concentration on Bapmediated Ca2+ biofilm inhibition in S. aureus V329.
In this experiment, it was studied whether the biofilm inhibition in V329 is
Ca2+ specific or any other divalent ion can manifest similar effect. To test this
assumption, similar concentrations of Mg2+ ions i.e. 0.78 mM to 50 mM were used
in biofilm assay. Figure 3.10 describes that Mg2+ did not show any significant
change in biofilm forming capacity of V329 even up to 50 mM concentration, while
Ca2+ showed a dose dependent inhibition. Apart from the above study, it was also
evaluated whether Bap and Ca2+ interaction is specific or mere electrostatic in
nature. To rule out the possibility of Bap and Ca2+ interaction is not electrostatic,
three inhibitory concentrations of Ca2+ were tested; 5 mM, 10 mM and 20 mM.
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V329 biofilm was grown in presence of different concentration of salt (NaCl) in
TSB medium along with three inhibitory concentrations of Ca2+. Figure 3.11 show
that increasing concentration of NaCl did not affect Ca2+ inhibition of V329 biofilm
development. Similar inhibition pattern was observed at three different inhibitory
concentration of Ca2+ (5 mM, 10 mM and 20 mM) when salt concentration was
increased from 0.1 to 0.5%.
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Figure 3.9: Comparative study of biofilm forming capacity among bap-positive
and bap-negative strains of S. aureus in the presence of different concentration
of Ca2+ in TRIS-glucose minimal media. Biofilms were evaluated after 16 h of
growth. Error bars at some points are not visible due to very small variation.
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Figure 3.10: Effect of divalent ions (Ca2+ and Mg2+) on biofilm forming capacity
in S. aureus V329. Biofilms were evaluated after 16 h of growth. Error bars are
shown as ±1SD.
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Figure 3.11: Effect of decreased electrostatic interaction by increasing salt
concentration on biofilm forming capacity of S. aureus V329 in presence of Ca2+.
In control neither Ca2+ nor NaCl was added. Biofilms were evaluated after 16 h
of growth. Error bars are shown as ±1SD.
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Effect of Ca2+ on S. aureus V329 biofilm architecture and
topography
CSLM studies were carried out to examine the effect of Ca2+ on S. aureus
biofilm topography and architecture. Here, two bap-negative S. aureus strains
(SA7 and SA10) were studied along with bap-positive strain. SA33 and M556
were excluded from the CSLM study since SA33 was found to form weak biofilm
on glass surface and M556 did not form biofilm at all. CSLM images manifest the
topographical changes in the growth of S. aureus V329 biofilm in presence of
sub-inhibitory (1 mM and 2 mM) to critical inhibitory concentration (≥5 mM) of
Ca2+ on glass slides as shown in Figure 3.12. Ca2+ influenced the architecture
and topography of the S. aureus V329 biofilm which varied in response to
different concentrations as shown in the CSLM images. Analysis of V329 biofilm
parameters using COMSTAT program in presence of different concentration is
shown in Table 3.4. Figure 3.13A and Figure 3.13B shows the dose dependent
decrease in average thickness and maximum thickness of the S. aureus V329
biofilm in response to Ca2+. It was found that at 1 mM Ca2+ concentration there
was slight decrease in biofilm biomass, average thickness and maximum
thickness whereas the roughness coefficient and surface to biovolume changed
positively. It indicates at 1 mM V329 biofilm was less dense and biofilm was more
exposed to bulk liquid.
Figure 3.12A and Figure 3.12B show dense protruding pillars of clumped
cells distributed all over and make water channels. From 2 mM to 10 mM Ca 2+
concentration range; total biomass, average thickness and maximum thickness
changed negatively whereas roughness coefficient and surface to biovolume
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A

B

C

D

E

F

Figure 3.12: CSLM images of S. aureus V329 16 h old biofilm in presence of
different concentration of calcium. A) Control; B) 1 mM Ca2+; C) 2 mM Ca2+; D) 5
mM Ca2+; E) 10 mM Ca2+; F) 20 mM Ca2+ (Scale bar 50µm).
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Figure 3.13: Effect of different concentration of Ca2+ on S. aureus V329 biofilm
parameters. Error bars are shown as ±1SD. Asterisk, P value < 0.0001 as
compared with S. aureus cells wherein no calcium was added (control). (A)
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Table 3.4: Structural parameters of biofilm formed by S. aureus V329 in TSBG in
the presence of different concentration of Ca2+.

Biofilm parameters were

quantified using COMSTAT from the CSLM images.

TSBG+ Ca2+
Biofilm
Parameters

Total biomass

TSBG
1 mM

2 mM

5 mM

10 mM

20 mM

13.884 ±
1.9781

10.234 ±
2.214

9.921 ±
2.659

8.388 ±
2.536

7.855 ±
1.412

6.02 ±
1.97

21.479 ±
3.687

20.289 ±
4.16

14.575 ±
5.824

10.45 ±
3.997

9.327 ±
2.168

8.79 ±
1.89

thickness (µm)

23.394 ±
4.198

21.262 ±
4.123

16.952 ±
5.517

13.48 ±
3.919

12.016 ±
2.319

10.39 ±
1.57

Roughness
coefficient

0.0494 ±
0.011

0.0704 ±
0.0214

0.074 ±
0.0262

0.173 ±
0.0557

0.23 ±
0.09

0.08 ±
0.03

Surface to
biovolume ratio
(µm2 µm-3)

0.799 ±
0.112

0.922 ±
0.152

0.915 ±
0.245

2.252 ±
0.5435

3.069 ±
0.84

1.89 ±
0.56

3

-2

(µm µm )

Average
thickness (µm)

Maximum

ratio changed positively. However at ≥ 5 mM Ca2+ all biofilm parameters under
investigation showed significant change, positively or negatively. Continuous
decrease in total biomass, maximum thickness and average thickness and
enhanced roughness coefficient and surface to biofilm ratio suggests that
increasing Ca2+ affect the biofilm architecture and arrangement of the cells. V329
biofilm gradually became thinner and flatter as Ca2+ concentration was increased
in the TSB medium. At 20 mM Ca2+ V329 biofilm showed little change in maximum
and average thickness but substantial reduction in total biomass as well as
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roughness coefficient and surface to biovolume ratio entailed that biofilm had
more porous, and mosaic structured with voids as compared to 10 mM Ca 2+.
To confirm whether the observed topographical changes are due to Ca2+,
the critical inhibitory concentrations of Ca2+ (5 mM) along with non-inhibitory
concentration of EDTA (0.15 mM) which chelate the Ca2+ ions was tested. Figure
3.14 (A-C) shows CSLM image of vertical section of control V329 biofilms, in
presence of Ca2+ and Ca2+ along with EDTA respectively. Figure3.15A shows that
the thickness of the biofilm developed in presence of Ca2+ and EDTA did not show
significant difference (P = 0.3264) as compared to control biofilm. Whereas biofilm
formed in presence of only Ca2+ (5 mM) showed significant difference from the
control biofilm (P <0.0001) i.e. when Ca2+ is chelated by EDTA biofilm forming
capacity of V329 strain was restored. Figure 15B shows thickness observed in
each case. Identical treatment of Ca2+ was given to S. aureus SA7 and SA10
where no substantial differences were observed (see Figure 3.15A and Figure
3.15B).

3.4 Discussion
Microorganisms acquire diverse mechanisms to adhere and initiate biofilm
development in various environments (Johnson et al. 2005). In the present work,
the role of a surface protein, Bap in S. aureus biofilm formation was investigated
and the topographic changes in response to Ca2+ variation. Bioinformatic analysis
showed the presence of four calcium binding motifs with 80 % homology with EF
hand motif; this indicates that the Bap protein has inherent property to chelate
Ca2+ rather than having normal electrostatic / ionic interaction. In their pioneering
study Arrizubieta et al. (2004), gave more emphasis on the effect of Ca 2+ on multi-
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A
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C

Figure 3.14: CSLM images showing thickness of 16 h old S. aureus V329 biofilm
in presence of chelating agent A) control V329 biofilm; B) V329 biofilm in presence
of 5 mM calcium; C) biofilm in presence of 5 mM calcium and 0.15 mM EDTA.
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Figure 3.15: Comparative CSLM study of 16 h old biofilm among bap-positive,
bap-negative strains of S. aureus in the presence of critical inhibitory
concentration of Ca2+ in one set and Ca2+ in the presence of non-inhibitory
concentration of EDTA in other set. Error bars are shown as ±1SD. (A) Average
biofilm thickness (B) Maximum biofilm thickness.
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cellular behavior of S. aureus cells and experiments were carried out using TSB
supplemented with glucose. However, in this study it was observed that addition
of Ca2+ to TSB media has increased the turbidity and it was difficult to interpret
the aggregation behavior in turbid conditions. When PBS was used there was no
turbidity hence the buffer was used to observe auto-aggregation in presence of
Ca2+. The results showed that auto aggregative behavior is independent of
presence of Bap. The biofilm assay results strengthens the hypothesis that
putative presence of EF hand motifs for Ca2+ in Bap might influence the biofilm
development in bap-positive S. aureus. This effect was found to be true in
presence of calcium, since bap-isogenic mutant M556 did not manifest similar
response. In order to evaluate, whether inhibition of biofilm was due to the
hampered growth or due to the life style switch over of the cells to planktonic form,
growth studies were carried out with all strains of S. aureus in presence of different
concentration of Ca2+ (Figures 3.8). Interestingly, higher absorbance values and
more S. aureus V329 planktonic cells was noticed after 6-7 hours at low Ca2+
concentration. This could be simply because of the fact that in presence of Ca 2+,
the S. aureus V329 cells prefer to be in planktonic phase rather than changing to
biofilm mode. However, strain M556 showed less absorbance values in presence
of Ca2+. The growth study results infer that Ca2+ does not inhibit the cell division
of the bacterial cells. Thus, the possibility of decrease in biofilm forming capacity
in bap-positive V329 due to the inhibition of cell division was ruled out. Biofilm
assay using minimal medium proved that biofilm inhibition by Ca 2+ in V329 is not
due to any complexation of Ca2+ with medium component.
According to Michiels (2002), EF hand motifs are known to have very specific
interaction with Ca2+. Biofilm assay in presence of Mg2+ showed that Bap-
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dependent Ca2+ inhibition of V329 biofilm development is highly specific. If other
surface proteins or Bap had non-specific interactions with the divalent ions then,
presence of Mg2+ would have resulted in the inhibition of biofilm forming capacity.
Increased salt concentration reduces the electrostatic interaction between the two
charged moieties. If EF hand and Ca2+ had electrostatic interaction increased salt
concentration would have reduced electrostatic interaction thereby decreasing
Ca2+ inhibition. Biofilm assay in presence of high salt concentration showed that
Bap-dependent Ca2+ inhibition of biofilm development in V329 is highly specific. If
other surface proteins or Bap had non-specific interactions with Ca2+ ions then,
high salt concentration would have resulted in the inhibition of biofilm forming
capacity. Therefore, the probability of inhibition of biofilm formation because of
nonspecific electrostatic interactions between Ca2+ and Bap as well as other
surface proteins is ruled out. It can be hypothesized that this specificity of Bap
towards Ca2+ can confer structural or enzymatic functionality to the protein.
COMSTAT analysis of CSLM images of V329 biofilm development at higher
concentration of Ca2+ showed a decrease in biofilm formation and presence of
Ca2+ substantially affected the architecture of V329 biofilm. Among the various
biofilm parameters, the surface to biovolume ratio showed positive response with
increase in Ca2+ concentration up to 10 mM which signifies that a high fraction of
cells in the V329 biofilm were exposed to the bulk liquid. Similarly a positive
change in roughness coefficient indicated an increase in biofilm heterogeneity up
to 10 mM Ca2+. COMSTAT analysis showed that there was gradual increase in
maximum thickness, average thickness, total biomass and increase in roughness
coefficient and surface to bio volume ratio in range of 1 – 10 mM Ca2+ which
indicated that Ca2+ inhibited the biofilm development and V329 biofilm become
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uneven and flat. Further increase in Ca2+ concentration resulted in decrease of
biomass, roughness coefficient and surface to biovolume ratio which indicates the
formation of voids and mosaic structure. Reduction of pillar size, flattening of
biofilm, and reduction in the biomass and ultimately the formation of voids with
increase in Ca2+ concentration suggests that the possible mechanism of biofilm
inhibition by Ca2+ is by reducing the cell to cell interaction. The role of Ca 2+ in
biofilm inhibition by V329 was further investigated by adding EDTA to the medium.
Addition of divalent chelator EDTA confirmed that observed architectural change
was due to the presence of Ca2+only.
The present study supports one of the earlier proposed mechanisms by
Thomas et al. (1993) which were postulated for the adherence of S. aureus, one
involving surface proteins that bind Ca2+ and the other involving surface proteins
that interact with mucin independent of Ca2+. This study highlights Bap as one of
the possible surface proteins that binds to Ca2+ and affect the adhesion. This study
provides possible explanations towards answering the unusual adhesion behavior
observed by van Hoogmoed et al. (1997) in S. thermophillus where maximum
adhesion rate was found at 1 mM Ca2+. Since, Bap and Ca2+ were found to
specific, it could be hypothesized that homologous surface protein/s might be
involved in regulation of Ca2+ specific adhesion in S. thermophillus. Furthermore
this study strengthens the concept of non-involvement of exo-polysaccharides in
adhesion to hydrophobic surfaces in S. epidermidis as was proposed by Dunne
and Burd (1992).
Till date all bap-positive S. aureus have been isolated from mastitis infection
where Ca2+ is profoundly present. The presence of EF hand motifs in Bap protein
seems to be a contradiction to the fact that Bap helps in the protein mediated
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biofilm establishment. However, other data indicate that the role of Bap may not
be that straightforward as expected. It may have other regulatory role than in initial
adherence. In a distinct and interesting study by Patrauchan et al. (2005), it was
observed

that

extracellular

Ca2+

can

alter

the

proteomics

of

the

Pseudoalteromonas sp. which is dose dependent. Therefore, the possibility of
altered proteome of V329 in response to Ca2+ might be responsible for the altered
topology of the biofilm. The principal finding of this study is that, Ca 2+ can
modulate the biofilm development in bap-positive S. aureus V329. Based on the
present findings and previous reports (Dunne and Burd 1992; Arrizubieta et al.
2004; Patrauchan et al. 2005) it can be inferred that Bap confers S. aureus V329
the ability to adapt in different environments, with varying Ca2+ concentrations.
However, at this stage with limited knowledge on adherence mechanism of
bacteria, it cannot be presumed that other bap-negative staphylococcal biofilms
might also be modulated by Ca2+. According to Davey and O'Toole (2000) and
O’Toole et al. (2000) multiple mechanisms are adopted by different staphylococci
for biofilm formation.

3.5 Conclusion
This study establishes the following salient points; (1) PCR mediated
approach followed by dot blotting identifies SA7, SA10 and SA33 as bap negative
S. aureus strains. (2) Bap-mediated biofilm development in S. aureus V329 is
inhibited at  5 mM Ca2+ (3) bap-isogenic mutant M556 produced a very weak
biofilm after 16 hrs which is not influenced by Ca2+ (4) among other bap-negative
strains of S. aureus, SA7 and SA33 did not show any inhibition in presence of
Ca2+ even up to 50 mM (5) Bap dependent biofilm inhibition in V329 was found to
be Ca2+ specific since addition of Mg2+ did not inhibit biofilm growth. (6) Interaction
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of Bap and Ca2+ is not mere electrostatic, since increasing salt concentration did
not revert the Ca2+ inhibition. (7) CSLM study showed that varying Ca2+
concentrations significantly influenced the architecture and topography of the S.
aureus biofilm. It can be inferred that auto-aggregation could also be due to
nonspecific bridging of acidic functional groups of cell surface polymers with Ca 2+.
This observation was found to be contradictory to the previous findings where Bap
was claimed to be an essential factor for aggregative behaviour of S. aureus V329
strain (Arrizubieta et al. 2004). Biofilm development is widely believed to be
initiated by bacteria sensing the surface that trigger the transition from a
planktonic state to a biofilm mode of growth (Stoodley et al. 2002). Adhesion is a
threshold event in formation of biofilms, studies on molecular and biochemical
aspects have highlighted that the protein matrix of the biofilm structure is of
interest in developing strategies to combat microbial fouling/chronic biofilm
infections (Cucurella et al. 2001). Microbiota acquires diverse mechanisms to
adhere and initiate the biofilm development in various environments. Although,
the present study was carried out using S. aureus as model organism, it
establishes the fact that cell surface proteins play important role in biofilm
development and the presence of Ca2+ might affect its growth. A better
understanding of molecular aspects of adhesion and biofilm phenomenon will
certainly help in developing control strategies for clinical manifestations as well as
aid in designing better industrial cooling water treatment programs for prevention
of biofouling.
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: Dispersal of Bap-like surface
protein mediated S. aureus biofilm by
Proteinase K
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4.1 Introduction
Biofilms are complex transient microbial communities attached to
surfaces and embedded in an extracellular polymeric matrix (Flemming and
Wingender 2010). A mature biofilm is generally composed of polysaccharides,
proteins, and extracellular DNA. Generally, the process of biofilm development
proceeds through a set of discreet stages; a) adherence of cells to a substratum,
b) development of micro-colonies, c) maturation of micro-colonies into biofilms
and d) detachment of bacteria and dispersal of motile cells (O'Toole et al. 2000).
Among

the

variety

of

bacterial

species,

Staphylococcus

aureus

and

Staphylococcus epidermidis are the predominant microorganisms causing
nosocomial infections, mainly associated with implanted medical devices such as
catheters, cardiac valves and orthopaedic prostheses (Gotz 2002). The biofilm
mode of S. aureus propagation enhances its recalcitrance and enables the
bacterium to survive antibiotic action (Parsek and Singh 2003). This also imposes
a challenge to host defence mechanisms and antimicrobial therapy (Parsek and
Singh 2003; del Pozo and Patel, 2007). Biofilm dispersal is a natural process,
which allows bacterial cells to leave biofilm and migrate to a more favourable
environment for resettlement. However, during this transition phase, bacteria lose
the advantages of the biofilm mode of life and become relatively more susceptible
to antimicrobial agents.
A recent study reported that biofilm disassembly/dispersion by signalling
pathway plays a very important role in pathogenicity and environmental dispersion
of bacteria (Boles and Horswill 2008). In order to promote dispersion, bacterial
cells synthesize various EPS degrading enzymes (Boyd and Chakrabarty, 1994;
Kaplan et al. 2003). Dispersal mechanisms vary in different bacteria and this event
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is considered as a novel approach to treat drug resistant S. aureus infections in
body implants and catheters (Kiedrowski and Horswill 2011). In spite of its high
potential, there is not much information on biofilm dispersion products because of
the ratio of higher investment cost to commercial outcome (Romero and Kolter,
2011).
Quorum sensing, among other things, is involved in biofilm dispersion. In the
context of S. aureus, it was reported that biofilm dispersal is controlled by Agr quorum-sensing system (Boles and Horswill 2008). There are several reports on
surface protein dependent biofilm formation by S. aureus, among which protein A
and biofilm associated protein (Bap) were studied in detail (Cucarella et al. 2001;
Merino et al. 2011). Bap is a large, multi-domain, cell surface anchored protein,
which has been reported to play crucial role in the early stages of S. aureus biofilm
development (Cucarella et al. 2001). Importance of the Bap in S. aureus biofilm
was so significant that bap- positive S. aureus can form biofilm even though, its
ica- operon was disrupted (Cucarella et al. 2001; Tormo et al. 2005). The icaoperon synthesizes polymeric intercellular adhesin (PIA), a major constituent in
S. aureus biofilm. The role of PIA component in the S. aureus biofilm formation
was studied in detail (O'Gara, 2007). Earlier studies showed that the presence of
bap gene and its homologues was restricted to bovine mastitis (Cucarella et al.
2001; Tormo et al. 2005). Of late, the presence of bap gene was also reported in
human nosocomial infections (Potter et al. 2009). Furthermore the increase in
number of occurrences of bap also indicates the presence of alternate PIAindependent mechanism of biofilm formation (Tormo et al. 2005; Hennig et al.,
2007).
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Biofilm disassembly/dispersion is believed to play very important role in
pathogenicity, environmental distribution and also in phase transition (Flemming
and Wingender 2010, Mangwani et al. 2014). The dispersal phenomenon can also
be triggered by several environmental signals or due to unfavourable condition
(Karatan and Watnick 2009). S. aureus secretes four major extracellular
proteases such as metallo-protease aureolysin (aur), two cysteine proteases
(scpA and sspB) and seven serine proteases (Dubin, 2002). Theoretically, these
extracellular proteases contribute to biofilm detachment; however, their role in
staphylococci is still unknown (Dubin, 2002, Boles and Horswill, 2004; Shaw,
2004). An earlier study showed that among the above four classes of extracellular
proteases, serine proteases are dominant and believed to play major role in
biofilm detachment (Boles, and Horswill, 2004). Proteinase K is a highly reactive
serine protease, stable in a broad range of conditions: pH, buffer salts, detergents
(SDS), and temperature (Kristjansson et al., 1999). This makes Proteinase K an
ideal choice for disassembly among the various proteases. According to a
previous report, biofilms of S. epidermidis, S. lugdunensis and S. aureus showed
susceptibility to enzymatic treatments, which was dependent on chemical
composition of their biofilm matrices (Chaignon et al., 2007). Thus, mimicking the
extracellular degrading enzymes is a possible approach that could be used to
disintegrate the biofilms. Concurrent use of antibiotics can kill the detached cells
and help in eliminating the infection. It was reported that Proteinase K was more
effective in dispersing S. aureus biofilm when PIA content was very less and
biofilm was probably dominated by the presence of proteins (Chaignon et al.,
2007). In the above study, the authors used Proteinase K at a high concentration
(1 mg/ml), which may increase the cost of the treatment. Thus, there is a need for
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generating data on the use of lesser concentrations of Proteinase K for biofilm
dispersal. It is already discussed that in Bap-expressing S. aureus strains, the
protein plays a major role in establishing cell to cell interaction. Thus, targeting
Bap with a protease may be a very useful approach to control staphylococci
infections.
Antibiotics are used to eradicate biofilm infections and excessive use of
antibiotics led to selection pressure and resulted in development of resistant
strains among many pathogenic bacteria (Alanis, 2005; Soderblom, et al. 2010).
This has motivated researchers to look for alternative therapeutic approaches,
which reduce the use of antibiotics or completely eliminate the need of antibiotics
for biofilm removal (Soderblom, et al. 2010; Hryniewicz, 2011). In this study, the
possibility of imitating naturally produced proteases with Proteinase K was
investigated and whether it can be used to enhance the biofilm dispersal through
cleavage of surface proteins i.e. Bap- dependent S. aureus biofilm establishment.
In this study, it was investigated whether this approach would be useful in general
and has wider applicability by using six S. aureus mastitis isolates. Apart from the
above study, the effect of calcium binding to Bap on its stability against proteolytic
activity of Proteinase K was also investigated. To address the problem, five S.
aureus bovine mastitis isolates were included in the study along with bap–positive
S. aureus V329 and a bap-isogenic mutant M556. It was also tested whether
Proteinase K could be used in combination with antibiotics to enhance the
dispersal/control of S. aureus biofilms.
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4.2 Materials and Methods
Microorganisms and culture conditions
A bap–positive S. aureus V329 and its isogenic mutant S. aureus M556 were
used in this study along with five other clinical isolates of S. aureus viz., SA7,
SA10 SA33, SA252 and SA392. M556 was generated by transposon insertion in
the downstream part of bap gene of S. aureus V329 in such a way that Bap protein
is synthesized but remains non-functional as cell wall anchoring region is
truncated (Curcarella et al. 2001). For each experiment, single colonies were
picked from Tryptic Soy Agar (TSA) culture plates and inoculated in Tryptic Soy
Broth (TSB) medium supplemented with 0.25% glucose and incubated at 37oC at
150 rpm. Overnight grown cultures were used for all experiments.

Table 4.1: Details of S. aureus strains used in this study
Strain

Details

Source

S. aureus V329 V329, bap-positive mastitis isolates

Prof. I. Lasa, Spain

S. aureusM556
S. aureus7

M556, bap-isogenic mutant of V329
SA7, mastitis isolate

S. aureus10

SA10, mastitis isolate

Prof. J.R. Penades, Spain
Department of Microbiology,
Karnataka veterinary
college, Bengaluru, India
-Do-

S. aureus33

SA33, mastitis isolate

-Do-

S. aureus352

SA352, mastitis isolate

S. aureus392

SA392, mastitis isolate

Madras Veterinary college,
Chennai, India
-Do-

Proteinase K preparation
The enzyme Proteinase K was purchased from Sigma-Aldrich, USA, which
had specific activity of 30 units/mg, where one unit is defined as the amount of
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enzyme needed to hydrolyse urea-denatured haemoglobin to produce colour
equivalent to 1.0 μmole of tyrosine per min at pH 7.5 at 37°C (colour reaction by
Folin-Ciocalteu reagent). The working concentration of Proteinase K was chosen
as 2 µg/ml in most of the experiments. To inactivate the Proteinase K after the
prescribed experimental time, 2 mM of freshly prepared phenyl methyl sulphonyl
fluoride (PMSF) was added.
Quantitative biofilm assay
Biofilm assay was performed in micro-titre plates to estimate the
inhibitory/dispersion action of Proteinase K. The working concentration of
Proteinase K was chosen as 2 µg/ml for all the experiments. The overnight grown
cultures of the S. aureus cells in TSB-G were diluted 1:40 in sterile TSB-G medium
and added to the pre-sterilized 96 well flat bottom polystyrene micro-titre plates.
To

estimate

the

inhibitory

action

S.

aureus

biofilms

were

grown

in the presence of 2 µg/ml of Proteinase K. To study dispersion, biofilms were
grown on micro-titre plates, washed after prescribed time and 200 µl of fresh TSBG amended with 2 µg/ml of Proteinase K was added to the wells and the plates
were incubated at 37°C for 24h.

To study the effect of Ca2+ on proteolytic

cleavage of Bap in terms of biofilm formation, V329 biofilms were grown at 37°C
for 24h in the presence of 2 µg/ml of Proteinase K along with increasing
concentration of Ca2+ in the range of 1.56 mM to 50 mM. V329 biofilm grown in
the presence of only Ca2+ in the similar concentration range acted as control for
Ca2+. After 24 h of incubation, biofilm growth was quantified. Biofilm quantification
was done by classical crystal violet assay as described previously (Mangwani et
al. 2014). For dissolution of bound crystal violet, 33% acetic acid was used
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(Stepanovic et al. 2001). Biofilm growth was monitored in terms of absorbance at
570 nm using a multimode micro-plate reader (BioTek, USA).
Early adhesion assay
Overnight grown cultures in TSB supplemented with 0.25% glucose were
diluted 1:40 in sterile TSB medium and Proteinase K treatment (2 µg/ml) was
given to the cells in order to cleave and remove all surface proteins. Thereafter
the Proteinase K treated cells were added to 96 well micro-titre plates. Untreated
S. aureus cells were used as control. In order to evaluate the role of surface
protein in initial adhesion, post Proteinase K treated cells (Proteinase K was
inactivated by addition of PMSF), were allowed to adhere for different time
intervals, i.e. 0 h, 1 h, 2 h and 3 h at 37 oC to aid in surface protein-mediated
adherence. Adherence of cells was measured by crystal violet staining assay as
described earlier (see sub topic 3.2.7)
Planktonic growth studies
Cell from overnight grown bacterial cultures were harvested and washed
twice with phosphate buffered saline (PBS) and the OD600 of each culture was set
to 0.1. absorbance, 100 µl volume of each resuspended culture was inoculated in
1900 µl of TSB-G having different concentrations of Proteinase K. Cultures were
incubated at 37oC and 150 rpm. Absorbance of each culture was recorded at
different time intervals after vortexing for 5 sec, to re-suspend the settled cells.
EPS extraction and quantification of biofilm matrix components
Staphylococcus aureus biofilm was grown for 48 h on glass slides immersed
in 20 ml of TSB supplemented with 0.25% glucose (TSB-G). After 48 h, planktonic
cells were aspirated and biofilm was gently washed twice with PBS. S. aureus
biofilms were treated with 2 µg/ml Proteinase K in TBS-G for 4 h at 37 oC. After 4
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h biofilm was gently washed with PBS and then remaining biofilm was scrapped
and collected in 5 ml of PBS. Biofilm was disintegrated by gentle vortexing using
glass beads. A 5 ml of the biofilm sample was centrifuged at 8000 rpm and 4 oC
for 30 min. Supernatant was collected and mixed with double volume of 90%
chilled ethanol and kept at 4oC overnight. EPS was collected by centrifugation at
10000 rpm and 4oC for 10 min. The supernatant was discarded and pellet was
collected and dried at 60oC to remove ethanol. Pellet was resuspended in 100 µl
PBS buffer. The protein and eDNA content in the resuspension was quantified
using Qubit Fluorometer (Invitrogen, Carlsbad, CA, USA), the quantification
protocol was followed as described by the vendor (Beaudet et al. 2007; Bajrami
et al. 2009). Glucose concentration as a measure of polysaccharide content was
quantified by the Dubois method as described elsewhere (Paraneeiswaran et al.
2015).
Viable cell counts in biofilm after antibiotic-Proteinase K
treatment
To investigate the anti-biofilm activity of Proteinase K in combination with
antibiotics, streptomycin (STR) gentamycin (GEN) and ampicillin (AMP) were
used against S. aureus V329 biofilms. The antibiotic concentrations were chosen
as 10 and 50 times of the MIC (indicated as X and 5X respectively) against S.
aureus planktonic cells. Proteinase K treatment was given in combination with X
concentration of antibiotics. Against other S. aureus biofilm forming strains viz;
SA7, SA10, SA33 and SA352 Proteinase K treatment was given with combination
of gentamycin. S. aureus biofilms were grown in 96 well micro-titre plates at 37⁰C
and 150 rpm. After 24 h, planktonic cells were aspirated by pipette and the biofilms
were gently rinsed twice with sterile phosphate buffered saline (PBS). After
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rinsing, the biofilms were treated with antibiotics alone (GEN 150 µg/ml and 750
µg/ml; STR 100 µg/ml and 500 µg/ml; AMP 100 µg/ml and 500 µg/ml) and
antibiotics-Proteinase K combinations, as per the experimental plan. After 24h of
treatment planktonic cells were aspirated using a pipette and biofilms were gently
rinsed twice with PBS. Then 200 µl of PBS was added to each well and the biofilm
cells were dislodged by ultra-sonication for 5 min. Cells released from the biofilms
were harvested and the viable cell count was obtained by plating on TSA media
and incubated at 37oC overnight.
Fluorescein di-Acetate (FDA) assay
Post-treatment to antibiotics and Proteinase K the dispersion of left over
biofilms was done by sonication. Micro-titre plates were subjected to Fluorescein
di-acetate (FDA) assay to check the efficiency of sonication. FDA stock solution
(5 mg/ml in acetone) was diluted 1:50 times in PBS to get the working solution. A
200 µl of working solution of FDA was added to micro-titre wells. Plate was
incubated in dark condition at 37oC for 4h. After 4h fluorescence was measured
at 490 nm using multimode plate reader (BioTek, USA).
Confocal Laser Scanning Microscopy (CSLM) study
Confocal laser scanning microscopy analysis was done with a Leica TCSSP2 AOBS microscope. V329 biofilms grown on glass cover slips in six-well cell
culture plates. Biofilms (24 h old) were treated with Proteinase K for a given time
period, gently rinsed with PBS and stained with 0.2 % acridine orange for 5 min.
A thin cover slip was placed over the biofilms and the slide was mounted upside
down over the objective lens of CSLM, equipped with DM IRE 2-inverted
microscope (Leica Microsystems). Image stacks were collected from 20 different
random points of the biofilm. In order to get statistically significant data, each
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experiment was repeated 3 times. Image stacks were analyzed by COMSTAT
(Heydorn et al. 2000) and Imaris software (version 6.2).
Statistical Analysis
A Two-tailed Student’s t test was used to determine the differences in biofilm
formation between the groups. Differences were considered statistically
significant when P value was < 0.005.

4.3 Results
Proteinase K interferes with early adhesion of S. aureus cells and
inhibits biofilm development

Biofilm growth (OD570)
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0.6
0.5

*

0.4
0.3
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0.2
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0.0
Control
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3h

Effective adherence time
after Proteinase K inhibition
Figure 4.1: Effect of Proteinase K on Bap- mediated early adhesion. Results are
average of 5 replicates ±1 S.D. and are representative of three independent
experiments. Asterisk, P value < 0.0001 as compared with S. aureus cells
exposed to no Proteinase K (control). Zero hour point shows that Proteinase K
was not inhibited.
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Figure 4.1 illustrates the results of early adhesion assay which shows that
proteinase K treatment hampered the primary attachment of V329 cells to 96 well
microtitre plate. The adherence property of the V329 cells was restored when
proteinase K was inactivated by the addition of PMSF. Figure 4.1 also shows the
number of adhered cells increased with time. On the contrary, strain M556 did
not show any change in adhesion or biofilm formation in the presence of
proteinase K. This observation signifies the Bap surface protein is important in
early phase of biofilm formation by V329.
Control
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Figure 4.2: Effect of Proteinase K on the growth of S. aureus biofilms.

Figure 4.2 illustrates the results of biofilm inhibition assay, which shows that
Proteinase K treatment hampered the biofilm development of most S. aureus
strains viz. SA7, SA10, SA33, SA352and bap- positive V329. All S. aureus strains
except SA392 (weak biofilm producing strain) showed significant inhibition in
biofilm growth when treated with 2 µg/ml.
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Figure 4.3: Effect of different concentrations of Proteinase K on planktonic growth
of S. aureus V329 and M556 and other S. aureus strains SA7, SA10, SA33 and
SA352. Results are shown as mean ±1 S.D.
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SA7, SA10, SA33, SA352 biofilms showed 84, 71, 83 and 68% reduction in
biofilm growth in the presence of 2 µg/ml Proteinase K. On the contrary, strains
M556 and SA392 were found to be weak biofilm producers and there was no
significant inhibition of biofilm formation in the presence of Proteinase K.
Planktonic growth studies of bap- positive V329 and bap-mutant M556 and other
S. aureus strains was carried out in the presence of different concentrations of
proteinase K. Figure 4.3 shows that there was no effect of Proteinase K on the
planktonic growth of either S. aureus strains when tested up to 32 µg/ml.
Effect of different concentrations of Ca2+ on proteolytic
degradation of Bap and biofilm development of V329
Biofilm assay in the presence of Proteinase K with increasing concentrations of
Ca2+ was carried out. Since Bap contains Ca2+ binding EF hand motif, it was
investigated whether binding of Ca2+ to Bap would confer resistance against
Proteinase K mediated degradation. Biofilm assay showed that in the presence of
Proteinase K, biofilm formation of V329 was inhibited. Addition of Ca 2+ (3 mM) did
not influence Proteinase K mediated inhibition of early adherence of cells and biofilm
development (Figure 4.4). Addition of 3 mM Ca2+ had no significant effect on V329
biofilm formation. This observation demonstrates that binding of Ca 2+ to Bap does
not confer any immunity against proteolytic degradation. Figure 4.4 shows that
increasing concentrations of Ca2+ had no effect on Proteinase K mediated inhibition
of biofilm development. In other words, Ca2+ did not affect the proteolytic
degradation of surface protein Bap by Proteinase K. On the other hand, lower
concentration of Ca2+ (up to 6.25 mM) had no significant effect on V329 biofilm
formation but higher concentrations showed an inhibitory effect.
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Figure 4.4: Effect of Ca2+ on Proteinase K mediated biofilm inhibition in bappositive S. aureus biofilm. Results are average of 5 replicates ±1 S.D.
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Figure 4.5: Effect of different concentration of Proteinase K (in TSB) on 24 h old
bap- positive S. aureus V329 biofilm. Results are average of 5 replicates ±1 S.D.
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Proteinase K enhances dispersal in bap-positive S. aureus
In order to investigate the biofilm dispersal activity, a range of Proteinase K
concentrations were tested against mature bap-positive S. aureus V329 biofilms.
Figure 4.5 shows dose dependent dispersal of V329 biofilm. Roughly, 36% biofilm
dispersal was observed with 2 µg/ml Proteinase K treatment, whereas the highest
dose of 250 µg/ml showed ~76% biofilm dispersal. It is clearly evident from this
observation that increasing concentration of Proteinase K did not result in
enhanced biofilm dispersal hence 100% biofilm dispersal could not be achieved.
In order to keep this approach economical, 2 µg/ml of Proteinase K was chosen
for further experiments.
Figure 4.6 illustrates that Proteinase K treatment of 24 and 48 h old V329
and M556 biofilms. Proteinase K treatment enhanced the dispersion of bappositive V329 biofilm, while the bap-isogenic mutant M556 biofilm was not at all
dispersed. Figure 4.6 also shows that M556 forms a weak biofilm as compared to
V329 at 24 h hence estimating M556 biofilm dispersal was difficult and
inappropriate. However, after 48h it also produced significant biofilm and it was
clearly evident that Proteinase K treatment did not disperse M556 biofilm. Based
on the crystal violet assay data, percentage removal of V329 biofilm by Proteinase
K was estimated to be 15%, 24% and 30% after 2, 4 and 6 h of contact time,
respectively.
In order to investigate the biofilm dispersal activity of Proteinase K against
other S. aureus biofilms, Proteinase K treatment was given to 24 h old S. aureus
biofilms. Figure 4.7 show that Proteinase K treatment of S. aureus biofilms caused
a significant disruption of all S. aureus biofilms except M556 and SA392.
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Figure 4.6: Effect of Proteinase K on 24 h and 48 h old S. aureus V329 and M556
biofilm. Results are average of 5 replicates ±1 S.D. and are representative of three
independent experiments. Asterisk, P < 0.005 as compared with control S. aureus
biofilm, which was not exposed to Proteinase K.
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Upon 2 µg/ml Proteinase K treatment for 24 h, approximately 92.5 %, 23.4%,
90.1%, 95.8%, 81.9% and 60% biofilm dispersal was observed in V329, M556,
SA7, SA10, SA33 and SA352 respectively. Though, Proteinase K enhanced the
biofilm dispersal, 100% biofilm removal could not be achieved in any case.
Moreover, SA392 formed a weak biofilm as compared to V329 after 24 h, hence
estimating SA392 biofilm dispersal was difficult and inappropriate.
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Figure 4.7: Dispersal of pre-grown 24 h old S. aureus biofilms by Proteinase K.
Results are shown as mean ± 1 S.D.
Figure 4.8 and Table4.2 show the constituents of S. aureus biofilms before
and after the Proteinase K treatment. S. aureus V329 biofilm had significantly
higher amount of carbohydrate as well as eDNA (P < 0.05, n = 3) as compared to
Bap mutant M556 biofilm. On the other hand M556 biofilm was comprised of
significantly higher amount of biofilm matrix proteins (P < 0.05, n = 3). Figure 4.8
and Table 4.2 show that there was significant decrease in the protein as well as
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eDNA content in V329 and M556 biofilms after Proteinase K treatment, however
there was no significant decrease in the carbohydrate content of biofilm matrix in
either case.
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Figure 4.8: Constituents of S. aureus EPS before and after treatment of
Proteinase K. Results are shown as mean ± 1 S.D.

Table 4.2: Constituents of S. aureus EPS before and after treatment of Proteinase
K. Results are shown as mean ± 1 S.D.
After
Proteinase
K

Biofilm
Constituents

V329

M556

After
Proteinase K

Protein
(µg/ml)

50.7 ± 1.34

20.8 ±
0.654

67.8 ± 2.34

31.467 ±
5.26

eDNA (ng/ml)

193.6 ±
13.15

90.6 ±
7.82

99.4 ± 3.61

62.16 ±
4.14

Carbohydrate
(µg/ml)

23.20 ±
2.60

21.22 ±
1.94

20.30 ±
1.017

17.22 ±
1.19
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Figure 4.9: CSLM study of Proteinase K mediated dispersal of V329 biofilm. A)
Control V329 biofilm; B) After 6 h of Proteinase K treatment.
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Table 4.3: COMSTAT analysis of biofilm parameters in control S. aureus V329
biofilm and after 6 h treatment of Proteinase K. Proteinase K treatment was given
on 24 hours old S. aureus V329 biofilm.

Biofilm Parameters

Control V329
biofilm

After 6 h of
Proteinase K
treatment

Total biomass (µm3/µm2)

12.270 ± 1.350

6.140 ± 1.033

Maximum thickness (µm)

28.094 ± 7.239

15.82 ± 6.473

Avg. thickness (µm)

21.412± 4.68

9.818 ± 3.769

Roughness coefficient

1.887 ±0.101

1.917 ± 0.122

Max. diffusion distance (µm)

1.282 ± 0.260

1.039 ± 0.243

Avg. diffusion distance (µm)

0.3310 ± 0.194

0.0165 ± 0.002

Surface to biovolume
Ratio (µm2/µm3)

6.881 ± 1.466

8.30 ± 4.61

CSLM study further strengthened the observations of the biofilm assay. The
V329 biofilm after 2, 4 and 6 h of contact with Proteinase K showed considerable
dispersion (Figure 4.6). COMSTAT analysis of the CSLM images showed that the
maximum biofilm thickness was reduced from 28.09 ± 7.24 µm to 15.82 ± 6.47
µm (P value=0. 0008, n=10), while average thickness was reduced from 21.41 ±
4.68 µm to 9.82 ± 3.77 µm (P value < 0.0001, n=10) (Figure 4.10A). Total biofilm
biomass (µm3/µm2) was reduced from 34 to 62% after 6 h of Proteinase K
treatment (Figure 4.10B). A substantial change was noticed in the maximum
diffusion distance that reduced from 1.28 ± 0.26 µm to 1.03 ± 0.24 (P value =
0.0446, n=10) (Figure 4.10C). Considerable

reduction was observed in the

average diffusion distance which was reduced from 0.331 ± 0.194 µm to 0.0165
± 0.002 µm (P value < 0.0001) (Figure 4.10C). Another important change in biofilm
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parameter that determines the interface for exchange of the metabolites, flow of
nutrient/antimicrobial agents through biofilm, was roughness coefficient and
surface to biovolume ratio (Figure 4.10D &10E; Table 4.3). Enhanced roughness
coefficient and surface to biovolume ratio indicates more accessibility of nutrients
as well as penetration of antimicrobial agents into the biofilm.
Proteinase K enhances antibiotic efficacy against bap-positive S.
aureus biofilm
Figure 4.11 shows that the efficacy of the antibiotics (GEN, STR AMP and
KAN) increased when the biofilm was treated with Proteinase K. The addition of
Proteinase K in combination with antibiotics had more impact against S. aureus
biofilm cells when compared to antibiotics alone addition. When the antibiotic
concentration was increased by five times, one log reduction in cfu count was
observed. On the other hand, Proteinase K in combination with antibiotics resulted
in 3 logs reduction in the case of GEN and STR and 1.3 logs reduction in the case
of AMP.
Proteinase K enhances antibiotic efficacy against S. aureus
biofilms in general
Figure 4.12 shows the reduction in cfu count in S. aureus biofilms (SA7,
SA10, SA33 and SA352) upon treatment of gentamycin in various combinations.
It was observed that addition of Proteinase K in combination with gentamycin had
more impact against S. aureus biofilm cells when compared to gentamycin alone.
When the antibiotic concentration was increased by five times, there was no
significant increase in log reduction of cfu count in any case. On the other hand,
the addition of 2 µg/ml Proteinase K in combination with antibiotics resulted in
significant reductions in bacterial cells. A significant reduction in cfu in biofilms by
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3.85, 5.0, 3.03 and 3.76 log units was observed in the case of SA7, SA10, SA33
and SA352 respectively.
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Figure 4.11: Antimicrobial efficacy of antibiotics in combination of Proteinase K
against 48 h old S. aureus V329 biofilm. Results are average of 5 replicates ±1
S.D. and are representative of three independent experiments. Proteinase K was
used at 2 µg /ml. Asterisk, P < 0.05 as compared with corresponding S. aureus
biofilm exposed to no Proteinase K.
On the other hand, only 0.45, 1.27, 0.88 and 0.79 log units enhancement was
noticed when gentamycin concentration was increased by 5 times. Figure 4.13
show that sonication effectively removed the cells from leftover biofilms after
Proteinase K and antibiotic (Gentamycin) treatments. SA352 had a very
significant amount of biofilm at the end of the experiment.
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Figure 4.12: Antimicrobial efficacy of antibiotics in combination with Proteinase K
against 24 h old S. aureus biofilms. Proteinase K was used at 2 µg/ml. Two
concentrations of gentamycin were used; X = 150 µg/mL and 5X = 750 µg/ml.
Asterisk shows significant difference when P < 0.05.

4.4 Discussion
Staphylococcus

aureus

and

S.

epidermidis

are

the

predominant

microorganisms among HAIs such as catheters, cardiac valves and orthopedic
prostheses (Gotz 2002). In clinical settings, S. aureus biofilms impose resistance
to host immune/defense mechanisms and antimicrobial therapy thus enabling the
bacterium to persist (Parsek and Singh 2003; del Pozo and Patel 2007). During
the last decade many reports have come up highlighting the important role played
by surface proteins in early adhesion and establishment of biofilm.Among the
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Figure 4.13: Efficacy of sonication used to disrupt remaining S. aureus biofilm
after antibiotics-Proteinase K treatment. Two concentrations of gentamycin were
used; X = 150 µg/mL and 5X = 750 µg/ml. Asterisk shows significant difference
when P < 0.05.

various proteins, Bap has been reported to play a major role in early adhesion as
well as in biofilm development (Cucarella et al. 2001). It was anticipated that
proteolytic cleavage of these biofilms would hamper the initial adhesion process
and in turn progression of biofilm. In this study, it was noticed that when mild
treatment of Proteinase K was given to S. aureus V329 cells to remove surface
proteins, a reduction in early cell adhesion was observed. The observations
emphasize the fact that Bap plays an important role in early adhesion, as similar
effect was not observed in bap-negative M556. The observations recorded in
Figure 4.2 showed that Proteinase K treatment had significantly impacted the
biofilm development of most S. aureus isolates. In order to evaluate, whether
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inhibition of biofilm was due to the hampered growth or due to the life style switch
over of the cells to planktonic form and effect of different concentration of
Proteinase k on planktonic cells were monitored. Figure 4.3 shows that there was
no impact of Proteinase K on cell viability, hence biofilm inhibition was due to
proteolytic cleavage of surface proteins. These observations also reemphasize
the important role played by Bap like surface proteins in biofilm development, as
similar effect was not observed in bap- mutant M556.
In general, metal binding proteins are structurally more stable when they are
bound to a specific metal and can show higher resistance towards proteolytic
degradation (Villalonga et al. 2004). As Bap contains four putative Ca2+ binding
EF hand motifs, it was evaluated whether binding of Ca2+ to Bap would confer any
resistance against Proteinase K mediated degradation and in turn biofilm
dispersion. The observations shown in Figure 4.4 indicates that there was no
apparent difference between biofilms grown in the presence of proteinase K alone
and Proteinase K along with increasing concentrations of Ca2+. Whereas in
another set of increasing concentrations of Ca2+ alone showed inhibition of V329
biofilm at higher concentrations as shown in an earlier report. This result
demonstrates that binding of Ca2+ ions to Bap had no effect on Proteinase K
mediated inhibition of V329 biofilm. In other words, biofilm assay using Ca 2+ alone
and Ca2+ with Proteinase K showed that Ca2+ did not confer any immunity against
proteolytic degradation of Bap.
As surface proteins also play an important role in stability of the S. aureus
biofilms, preformed biofilms of various S. aureus strains (V329, M556, SA7, SA10,
SA33, SA352 and SA392) were also tested with Proteinase K. Treatment of 24 h
old S. aureus biofilm with Proteinase K showed that the enzyme enhanced the
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dispersion of bap- positive V329 in a time dependent manner (2 – 6 h) but did not
affect the M556 biofilm, since up to 24 hrs M556 did not produce significant biofilm.
Figure 4.7 show that Proteinase K treatment also caused a significant dispersal
of all pre-grown (24 h) S. aureus biofilms except M556 and SA392. 48h old
biofilms of V329 and M556 were also investigated for the treatment of Proteinase
K. Since in the case of M556, Bap protein does not remain attached to the cell
wall, it remains non-functional and does not contribute in biofilm stability. M556
harbours functional ica-operon and hence could produce significant amount of
biofilm after 48 h (Cucarella et al. 2001). Therefore, it can also be speculated that
in weak biofilms formed by M556 and SA392, PIA might play a predominant role
as their biofilms were not affected by Proteinase K treatment.
The effect of Proteinase K treatment on the composition of bap-positive and
bap-mutant S. aureus biofilms was also investigated. After Proteinase K
treatment, a significant decrease in the protein and eDNA but not in the
carbohydrate content in EPS was observed. eDNA is also known to play very
important role in S. aureus biofilm stability(Mann et al. 2009). As there was a
significant decrease in eDNA content along with the biofilm matrix protein content,
it is speculated that matrix proteins might also be involved in eDNA retention in
the biofilm. Since Ca2+ binds with Bap (Arrizubieta et al. 2004) as well as eDNA
(Das et al. 2014), it is speculated that Ca2+ might act as a cross-linking agent
between Bap and eDNA thereby the presence of Bap can assist in retention of
eDNA. Therefore, upon Proteinase K treatment that degraded Bap, a significant
amount of eDNA was also lost along with the proteins. As shown in Figure 4.8
and Table 4.2 M556 biofilm was comprised of significant amount of eDNA and
carbohydrate, which suggest that in the absence of functional Bap protein, eDNA
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and carbohydrate i.e. polysaccharide polymers in matrix might play a crucial role
in S. aureus biofilms. In M556 biofilm, matrix proteins do not contribute to biofilm
stability despite having higher amount of protein content. The results obtained
also indicate that matrix proteins were neither protected by sugars and DNA nor
resistant to Proteinase K and hence degraded by protease. It is speculated that
carbohydrate polymers retains the biofilm structure and do not allow the M556
biofilm to get dispersed upon Proteinase K treatment.
The potential application of this study denotes that, Proteinase K can be
used in biofilm dispersion as well as for anti-biofilm activity. However Proteinase
K treatment showed significant removal of biofilm (Figure 4.5) but 100% removal
could not be accomplished even after 24 h of treatment. It is an established fact
that biofilm cells are extremely (1000 times or more) resistant to antibiotics as
compared to planktonic cells due to physical as well as the genetic reasons (Hoyle
and Costerton 1991; Mah et al. 2003). The Proteinase K mediated dispersal of S.
aureus biofilms suggested its potential use in enhancing the susceptibility of
bacterial cells towards antibiotic treatment. The results indicated that Proteinase
K treatment increased the susceptibility of V329 bacterial cells in biofilms towards
the antibiotic treatment. CSLM data analysis by COMSTAT (Figure 4.10 and
Table 4.3) showed that Proteinase K treatment increased the surface to volume
ratio and roughness coefficient of the V329 biofilm. If the surface to biovolume
ratio as well as roughness coefficient is more, it indicates that a high fraction of
cells in the biofilm are exposed to the bulk liquid and consequently to dissolved
antimicrobial agents (Heydorn et al. 2000). Thus, the enhanced values of surface
to biovolume ratio and roughness coefficient after Proteinase K treatments signify
that more biofilm surface becomes available for antibiotics action. Generally,
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biofilm forms a physical barrier, limiting diffusion of antibiotics and thereby
reducing its efficacy (Hoyle & Costerton, 1991; Hoyle et al., 1992; Singh et al.
2010). COMSTAT analysis showed that Proteinase K treatment significantly
decreased the average diffusion distance as well as maximum diffusion distance.
This enables the antibiotics to penetrate deep inside the biofilm and kill the cells.
Thus it can be inferred that Proteinase K shows synergistic effect when associated
with antibiotics for biofilm removal. On similar lines gentamycin efficacy in
combination with Proteinase K was investigated against other biofilm forming S.
aureus strains in this study. Result showed that Proteinase K treatment
significantly enhanced the efficacy of gentamycin against all S. aureus biofilm
tested i.e., SA7, SA10 SA33 and SA352. In addition, FDA assay was performed
to ensure that sonication did not contribute to any experimental error. The trend
as seen in Figure 4.12, the respective well fluorescence and cfu count showed
that sonication treatment was uniformly applied to all wells and did not contribute
to any experimental error.
In conclusion, the potential application of this study denotes that, Proteinase
K mediated biofilm removal has a wider application. Proteinase K can be used in
biofilm dispersion as well as for anti-biofilm activity as most of the biofilms do
comprise of surface proteins as a major constituent of biofilm matrix. The present
study show a wider applicability of Proteinase K treatment against S. aureus
biofilms and it also establishes the fact that antibiotics in combination with
Proteinase K can be more effective in controlling biofilm mediated infections
particularly S. aureus. Apart from clinical biofilms, Proteinase K has also been
shown to impair Listeria monocytogenes biofilm formation and induce dispersal of
pre-existing biofilms in food industry (Nguyen and Burrows, 2014). This study
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shows that targeting biofilm matrix components by specific enzymes, e.g. surface
proteins could be a potential approach towards controlling biofilms related
problems.This study concludes that proteolytic degradation of the Bap- mediated
biofilm matrix could be a promising therapeutic approach in controlling infections
involving S. aureus. However, in other S. aureus strains where PIA, rather than
surface protein, plays a major role in adhesion, this approach will not be useful.
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5.1 Introduction
Staphylococcus aureus is the predominant pathogen however the molecular
mechanisms of its pathogenesis remain largely unclear. Biofilm development has
been identified as main cause of persistent infections by this pathogen (Gotz
2002). Prevention and treatment of S. aureus infection is becoming increasingly
cumbersome since it is associated with biofilm development which per se confers
tolerance to antimicrobial agents (Donlan and Costerton 2002, Lowy 1998). The
poor success rate in the treatment of staphylococci is also due to the emergence
of multidrug resistance (Alanis 2005). Once upon a time, methicillin was the
antibiotic of choice as last line of defence (Muto et al. 2003). However, excessive
use of this antibiotic resulted in the development of many methicillin resistant S.
aureus strains (Sieradzki et al. 1999, Soderblom et al. 2010). As per a recent
report, approximately 60% of S. aureus isolates only remain sensitive to this drug
(Roghmann et al. 2001).The increasing emergence of antimicrobial resistance in
bacterial pathogens and the importance of biofilms in the infection process has
directed researchers to look for alternate antimicrobial strategies (Kiedrowski and
Horswill 2011). Therefore, there is an urgent need to develop novel treatment
regimes to prevent biofilm formation and minimize the antibiotics use.
Among many factors, nucleotide-based secondary messenger such as
cCMP, cAMP, c-dinucleotide GMP etc. are involved in the regulation of almost all
aspects of microbial life (Pesavento and Hengge 2009). In prokaryotic systems,
cyclic di-GMP (cyclic-diguanylate-[3,5-cyclic diguanylic acid) has emerged as an
extremely important and ubiquitous intracellular secondary messenger molecule
involved in bacterial life-style transitions i.e., biofilm formation, virulence, and
planktonic life style (Ross et al. 1991); D'Argenio and Miller 2004, Jenal 2004,
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Römling 2002, Römling and Amikam 2006). c-di-GMP consists of two cGMP
molecules joined by a 3,5-phosphodiester bond (Jenal 2004). c-di-GMP was first
identified in Gluconacetobacter xylinus in the context of regulation of cellulose
production. Of late, it was found to be a critical factor in biofilm formation by many
bacteria such as Vibrio cholerae, Yersinia pestis, Salmonella enteritidis serovar
Typhimurium, and Pseudomonas aeruginosa (García et al. 2004, Hengge 2009,
Tischler and Camilli 2004, Waters et al. 2008). In general, up-regulation of c-diGMP enhances the biofilm formation, decreases the motility and virulence in
gram-negative bacteria (Hengge 2009). However, their role in the regulation of
gram positive bacterial biofilm formation, such as S. aureus biofilm is not very
clear. c-di-GMP is associated with proteins containing GGDEF protein domains
(Ausmees et al. 2001, Jenal 2004, Paul et al. 2004, Römling 2002, Ross, Mayer
and Benziman 1991, Simm et al. 2004). As per the existing literature, S. aureus
has only a few proteins that contains a GGDEF domain (Corrigan et al. 2011,
Tatusov et al. 2001). Karaolis et al. reported that c-di-GMP can inhibit Bap
mediated cell-cell interactions in S. aureus and in turn its biofilm formation
(Karaolis et al. 2005). The chapter’s objective was to carry out a detail study of
the effect of c-di-GMP on Bap-mediated biofilm inhibition and to investigate the
possibility of c-di-GMP treatment as a novel approach to control S. aureus biofilm
formation.

5.2 Materials and Methods
Bacterial strains and growth conditions
All S. aureus strains used in this study were stored at -80°C in 50% glycerol.
A bap–positive S. aureus V329 and its isogenic mutant S. aureus M556 were used
in this study along with five other clinical isolates of S. aureus viz., SA7, SA10
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SA33, SA252 and SA392. M556 was generated by transposon insertion in the
downstream part of bap gene of S. aureus V329 in such a way that Bap protein is
synthesized but remains non-functional as cell wall anchoring region is truncated
(Cucarella et al. 2001). For each experiment, single colonies were picked from
Tryptic Soy Agar culture plates and inoculated in Tryptic Soy Broth (TSB) medium
supplemented with 0.25% glucose (TSB-G) and incubated at 37oC at 150 rpm.
Overnight grown cultures were used for all experiments.
c-di-GMP preparation
The c-di-GMP used in these studies was procured from as pure and highyield preparation of c-di-GMP di sodium salt (Biolog, India). Before use,
lyophilized c-di-GMP was resuspended in 0.9% NaCl with final stock
concentration of 2 mM and stored at 4°C until needed.
Biofilm formation inhibition assay
Staphylococcus aureus strains were sub-cultured from glycerol stocks onto
TSA agar plates and incubated at 37°C for 18 h. A single colony was inoculated
into 5 ml of TSB using a sterilized loop and incubated at 37°C for 18 h with shaking
at 150 rpm. The overnight grown cultures of the S. aureus cells in TSB-G were
diluted 1:100 in fresh sterile TSB-G medium and added to the pre-sterilized 96
well flat bottom polystyrene micro-titre plates. To estimate the inhibitory action of
c-di-GMP, S. aureus biofilms were grown in the presence of c-di-GMP (final
concentration 4 µM and 20 µM) at 37°C for 24 h. After 24 h of incubation, biofilm
growth was quantified. Biofilm quantification was done by classical crystal violet
assay as described previously (Mangwani et al. 2014). For dissolution of bound
crystal violet, 33% acetic acid was used (Stepanovic et al. 2001). Biofilm growth
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was monitored in terms of OD570 using a multimode micro-plate reader (BioTek,
USA).
Planktonic growth study
The overnight grown bacterial cultures were harvested and washed twice
with phosphate buffered saline (PBS) and OD600 of each culture was set to 0.1. A
10 µl of each resuspended culture was diluted in sterile TSB-G medium having
final concentration of c-di-GMP at 4 µM to the final volume of 200 µl and
transferred to 96 well micro-titre plate. Planktonic growth of cultures was
monitored at 37oC in terms of absorbance at 600 nm using a multimode microplate reader (BioTek, USA).
Confocal Scanning Laser Microscopy
The overnight grown S. aureus V329 culture was harvested and washed
twice with phosphate buffered saline (PBS) and OD600 of each culture was set at
0.1. A 10 µl of each resuspended culture was diluted in sterile TSB-G medium
having final concentration of c-di-GMP at 4 µM to the final volume of 2 ml and
incubated at 37oC for 4 h. After incubation, 50 µl of the culture was taken on to a
glass slide, heat fixed and stained with 0.2% acridine orange. Planktonic cells
were observed under the CSLM (Leica, Germany) as described earlier (sub topic
3.2.9).

5.3 Results
Effect of c-di-GMP on S. aureus biofilm formation
Figure 5.1 shows the effect of c-di-GMP on biofilm formation of different S.
aureus strains at different concentrations of c-diGMP. Figure 1a shows that there
was no substantial effect of c-di-GMP on S. aureus biofilm formation in any strains
when tested at 4 µM and 20 µM. Figure 1b shows the effect of c-di-GMP on biofilm
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formation of bap-positive V329 and isogenic bap-mutant M556 at very high
concentration i.e. 200 µM to see if there was any effect on their biofilm formation
capability. Figure 5.1b clearly depicts that there was no effect on biofilm formation
capability of either strains.
Effect of c-di-GMP on planktonic growth of S. aureus strains
Figure 5.2 shows the results of planktonic growth study in the presence of 4
µM c-di-GMP with all the S. aureus strains. Results showed there was no
substantial effect on planktonic growth of any of the S. aureus strains as well.
Effect of c-di-GMP on intercellular adhesion of bap-positive S.
aureus V329
Effect of c-di-GMP on intercellular adhesion of bap-positive S. aureus V329
was investigated using confocal laser scanning microscopy. Figure 5.3 shows the
effect of 200 µM c-di-GMP on intercellular adhesion of bap-positive S. aureus
V329 which is hypothesized to be mediated by Bap surface protein. It was
observed that there was a marginal reduction in intercellular adhesion. However,
in terms of biofilm formation after 24 h there was no significant effect as shown in
Figure 5.1.

5.4 Discussion
Few reports have shown that the extracellular c-di-GMP interfere with Bap
protein in S. aureus and inhibit the biofilm formation (Brouillette et al. 2005,
Karaolis et al. 2005). As stated earlier, the purpose of the work carried out in this
chapter was to investigate inhibition of Bap-mediated biofilm formation in S.
aureus by c-di-GMP.
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Figure 5.3: Effect of c-di-GMP on S. aureus V329 cell –cell interaction.
However, the outcome of the primary experiments suggested that there was
no effect on biofilm formation or planktonic growth of S. aureus. Results did not
corroborate with earlier studies by Karaolis et al., (2005) where they had claimed
that the treatment of S. aureus with extracellular c-di-GMP inhibited cell-to-cell
(intercellular) adhesive interaction in liquid medium and reduced the biofilm
formation by >50% in human and bovine isolates compared to untreated controls.
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Quoc et al. (2007) identified a GGDEF Domain Protein (GdpS)

gene

important for early steps in S. aureus biofilm formation. The role of the GGDEFcontaining protein and its molecular mechanism underlying S. aureus biofilm
formation are unclear. S. aureus GdpS lacks an EAL domain which is required for
the hydrolysis of c-di-GMP (Lasa 2006). Later, another recent study indicated
that GGDEF domain protein may regulate staphylococcal biofilm formation
independently of c-di-GMP (Holland et al. 2008). Shang et al., (2009) showed that
GdpS regulates the protein A expression in S. aureus but it was found to be
independent of c-di-GMP. Recently, Corrigan et al. (2011) showed that c-di-GMP
was not produced by S. aureus strain RN4220. Rather GdpS was involved in the
synthesis of c-di-AMP which acts as secondary messenger in S. aureus. The
ground breaking study by Corrigan et al., helped in understanding the limitations
of earlier studies by Holland et al. (2008), Quoc et al. (2007), Shang et al. (2009).
Later it was also reported to have an important role in Bacillus subtilis biofilm
regulation (Gundlach et al. 2015).
Results of this study corroborated with studies by Shang et al., (2009) where
biofilm formation was found not to be affected by the presence of extracellular cdi-GMP. This observation can now easily be explained in light of important role of
a newly emerged secondary messenger c-di-AMP rather than c-di-GMP in S.
aureus biofilm formation. However, it cannot be denied that use of a wide range
of concentrations of c-di-GMP could have shown some positive and negative
effects. The discovery of c-di-AMP rather than c-di GMP as secondary messenger
in S. aureus biofilm regulation is also apparent from the present study. Since high
concentration (200 µM) of c-di GMP had no effect on S. aureus biofilms the further
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experiments were stopped on S. aureus biofilm formation and cell-to-cell
interaction.

5.5 Conclusion
The study suggested that there was no substantial effect of c-di-GMP on S.
aureus biofilm formation, planktonic cell growth or cell-cell interaction.
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6.1 Introduction
Staphylococcus aureus is one of the most common root causes of
nosocomial infections because of its dominant biofilm forming property. Biofilms
have been implicated in almost 60% of all bacterial infections (Cha and Thilly
1993). The bacterial biofilm formation is governed by several factors that are
under the control of diverse genetic elements (CLONEAMP). One of the factors
is the expression of Biofilm-associated protein, which confers the capacity to form
the biofilm. It also plays a crucial role in bacterial infection process even in the
absence of ica operon, which is responsible for polysaccharide intercellular
adhesion (PIA)/poly-β-1,6-N-acetylglucosamine (PNAG) synthesis (Cucarella et
al. 2001). Bap was the first protein among the family of large surface proteins that
is reported to be involved in initial attachment to surfaces and assist in cell–cell
interactions (Latasa et al. 2006). The gene bap has been reported to be
widespread among natural isolates of coagulase-negative Staphylococcus
species, like S. epidermidis, S. chromogenes, S. xylosus, S. simulans and S.
hycus (Tormo et al. 2005). Of late, a number of surface proteins are reported to
have structural homology with bap and constitute Biofilm-associated proteins
family (BAP family). Such proteins have been identified in different organisms viz.,
Bap in Staphylococcus aureus, Esp in Enterococcus faecalis (Toledo-Arana et al.
2001) LapA in Pseudomonas putida (Hinsa et al. 2003) and BapA in Salmonella
(Latasa et al. 2005). Common features of member proteins of this family are an
extracellular signal sequence, very high molecular weight, repetitive structure and
a typical cell wall anchoring domain (Latasa et al. 2006).
In the pioneering work by Cucarella et al. (2001), there is not much
information available on Bap protein. Later the studies by (Shukla and Rao
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2013a, Shukla and Rao 2013b, Shukla and Rao 2014) showed that how Bap is
important for S. aureus biofilm stability and how non-antibiotic factors such as
calcium ion concentration and Proteinase K can be used to modulate the S.
aureus biofilms. To understand the molecular mechanism, the functional as well
as the evolutionary significance of bap gene need to be discerned. The aim of this
study was to clone full-length bap (~6.8 Kb) gene in E. coli and heterologous
expression of the Bap protein under the extremely controlled condition to facilitate
in vitro study of the Bap protein and its functional characterization. Apart from
large size of the gene, the presence of the 13 tandem repeats in C- region of the
gene, which confers instability due to homologous recombination, were the main
challenges in molecular cloning of bap gene. To overcome these challenges, a
combination of different hosts and incubation temperatures were tried. In this
study, an expression vector named pET21b-bap was constructed to express the
recombinant protein. The high-purity of the recombinant protein was obtained with
Ni–NTA affinity chromatography.

6.2 Materials and Methods
Bacterial strains, expression vector and culture conditions
Staphylococcus aureus V329 containing full length bap gene was obtained
from Dr. I lasa, Spain and was used in the study. Cloning host E. coli stbl2
(Invitrogen) and expression host E. coli BL21(DE3)-pLysS (Promega) were used
as a cloning host and expression host respectively (Table 6.1). Expression vector
pET21b (+) was procured from Novagen (Madison, WI) and was used for protein
expression in E. coli. S. aureus was cultured in tryptic soy broth (TSB)
supplemented with 0.25% glucose. E. coli strains stbl2 and BL21 (DE3) were
grown in Luria-Bertani (LB) medium.
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Table 6.1: Genotyic details of E. coli strains used in the study. Stbl2 was used
as a cloning host whereas BL21 (DE3) pLysS was used as an expression host.
E. coli strain

Genotype

STBL2 (invitrogen)

F- endA1 glnV44 thi-1 recA1 gyrA96 relA1 Δ(lac-proAB)
mcrA Δ(mcrBC-hsdRMS-mrr) λ-

BL21 (DE3) pLysS

F- ompT gal dcm lon hsdSB(rB- mB-) λ(DE3) pLysS(cmR)

Table 6.2: List of primers used in the study.

Primers

Sequence (5’-3’)

sab F

CCCTATATCGAAGGTGTAGAATTGCAC

sab R

GCTGTTGAAGTTAATACTGTACCTGC

BFNd1

GAGGTGAGTACATATGGGAAATAAACAAGGTTTTTTACC

BRXh1

CAATAATTTAAACTCGAGTTTTTTATCATTTTCTTTTCT ACGACG

Genomic DNA isolation and plasmid extraction
The genomic DNA was isolated from log phase culture of S. aureus V329
and E. coli strains using a QiaAmp DNA mini kit according to the manufacturer’s
protocol. The staphylococcal cells were lysed by lysostaphin (5 mg/ml; Sigma) at
37°C for 2 h before DNA extraction. Plasmid DNA was isolated from E. coli strain
using a Qiagen plasmid miniprep kit according to the manufacturer’s protocol.
Cloning of bap gene into a cloning host (E. coli Stbl2)
A primer pair, BFNd1 and BRXh1 with the NdeI-XhoI sites (see Table 6.1)
was used to amplify full bap gene from the published sequence of bap of S. aureus
V329 (GenBank accession no. AY220730.1) and cloned upstream from the His
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tag sequence in the pET-21b vector (Novagen). Amplification was carried out on
a Master cycler (Eppendorf, Hamburg, Germany) using Qiagen Long Range PCR
Kit with a reaction mixture of 50 µl. The PCR program included an initial
denaturation at 93oC for 5 min followed by 35 cycles of denaturation (93oC for 15
sec), annealing (56oC for 30 s) and extension (68oC for 8 min). Final extension
was carried out at 68oC for 15 min. The PCR product was characterized by gel
electrophoresis on 1 % agarose gel with pre-stained ethidium bromide (10 mg/ml)
in 0.5 M Tris–EDTA electrophoresis buffer.
The DNA fragment of interest was excised from the gel and extracted from
the gel using QIA quick gel extraction kit (Qiagen, Germany). Purified product as
well as pET21b(+) (Novagen, Madison, WI) was kept for overnight digestion with
restriction enzymes NdeI and XhoI (New England Biolabs, India) to generate
sticky ends. Digested DNA fragment and pET21b(+) were mixed (using 3:1 molar
ratio) in the ligation reaction mix (2 µl T4 DNA ligase buffer, 1 µl T4 DNA Ligase;
30 ng of pET21b(+) and 100 ng of PCR product in 20 µl reaction mixture) and
incubated at room temperature for overnight. Next day, this ligated product was
used for transformation using competent E. coli (Stbl2, Invitrogen) cells by the
classical heat shock method.
Confirmation of cloning of bap gene by colony PCR and PCR
using bap internal primers
Recombinant colonies were randomly picked up from the plate,
resuspended in 200 µl of 50 mM NaOH and boiled for 5 min, then quickly placed
in ice for 2 min and 32 µl of 1 M Tris-Cl was added. Sample was centrifuged at
10000 rpm for 5 min. 2 µl of supernatant was used for PCR reaction. To carry out
PCR with bap internal primers, a single colony was picked up from the plate and
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inoculated in LB broth containing ampicillin (50 µg /ml) and incubated overnight at
30oC and 150 rpm. The plasmid was extracted using Qiagen Plasmid Miniprep kit
following manufacturer’s protocol. Extracted plasmid was used as template to
carry out PCR reactions.
A primer pair, sabF and sabR (Table 6.2) were used to detect presence of
gene from the published sequence of bap of S. aureus V329 (Vautor et al. 2008).
Amplification was carried out with a reaction mixture of 50 µl which contained 1 µl
of template DNA, 25 µl of 2x Dynazyme PCR master mix (Finnzymes) and 50
pmol of each of forward and reverse primer. The final volume was made up with
nuclease-free water. The PCR programme included initial denaturation at 94 oC
for 5 min followed by 35 cycles of denaturation (94oC for 1 min), annealing (52oC
for 30 s) and extension (72oC for 1 min 30 sec). Final extension was carried out
at 72oC for 5 min. The PCR product was characterized by gel electrophoresis on
1% agarose gel with pre-stained ethidium bromide (5 mg/ml) in 0.5 M TAE
electrophoresis buffer. A GeneRulerTM DNA ladder mix (Fermentas, Germany)
was used as molecular weight marker.
Confirmation of bap gene release from vector by double digestion
assay
The gene was released from the cloned plasmid vector by double digestion
using restriction enzymes (XhoI and NdeI). The digested samples were analyzed
by 1% agarose gel electrophoresis.
Nucleotide sequencing of the gene and double digestion with
restriction enzymes
The entire open reading frame of cloned bap gene in pET21b(+) vector was
fully sequenced to exclude polymerase errors and inadvertent mutations. A total
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of 11 primers were designed by using an online programme by Genscript, each
targeting 600 bp of the bap gene (Table 6.3).
Table 6.3: Primers used for full bap gene sequencing (by primer walking).

Primers

Sequence (5’-3’)

Sequencing
Range

Start Site

Bap1F

GGAAATAAACAAGGTTTTTTACC

1-600 bp

1

Bap2F

TGATGATAACATTAAAGAGGACTCAAA

601-1200

552

Bap3F

AGATTCTGATGACGCATTAAATAG

1201-1800

1146

Bap4F

ACAAAAGCTAACCAATGGGC

1801-2400

1756

Bap5F

TCGTTTCTGGTTCTGTTCCTC

2401-3000

2360

Bap6F

GGTACTGCAGATGATCAAGGG

3001-3600

2950

Bap7F

ACGGCAACTGACAAAGACG

3601-4200

3547

Bap8F

GTGACGCTACTCAAGTTACAGGTC

4201-4800

4160

Bap9F

TGCTACGGGTACTGCAGATG

4801-5400

4749

Bap10F

ACGGCAACTGACAAAGACG

5401-6000

5353

Bap11F

CAACGGTGAATGATGTGACT

6001-6600

5945

Bap12F

TGATGACAACTCTGATAACGGAA

6601-6831

6552

Over-expression and purification the 6X-Histidine (His)-Bap
fusion protein in Escherichia coli BL21(DE3)
Escherichia coli BL21(DE3) harbouring pET21b-bap was cultured in LB
broth containing 1% glucose and carbenicillin (50 µg/ml) at 30oC. Overnight grown
cultures were diluted 1:100 into fresh 500 ml LB broth supplemented with
carbenicillin (50 µl/ml) and incubated at 30oC with shaking at 150 rpm to optical
density (OD600) 0.8. Culture of this stage was optimized for the soluble expression
of Bap. After attaining 0.8 OD, 1 mM IPTG was added and the culture was
incubated at 30oC for 5 h at 200 rpm.
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Induced cells were harvested and lysed in lysis buffer [50 mM Tris (pH 7.9),
500 mM NaCl, 1 mM protease inhibitor PMSF, and 1 mg/ml lysozyme] followed
by sonication for 5 min at 4 °C. The lysate was cleared by centrifugation at 12000
rpm for 20 min at 4 °C, and the supernatant was loaded onto a Ni-NTA column
pre-equilibrated with equilibration buffer [50 mM Tris-HCl (pH 7.9) and 500 mM
NaCl]. The column was washed with 50 column volumes of wash buffer [50 mM
Tris-HCl (pH 7.9), 500 mM NaCl, and 10 mM imidazole], and the protein was
eluted out with elution buffer (50 mM Tris (pH 7.9), 500 mM NaCl, and 500 mM
imidazole).
SDS PAGE and Western blotting
Purification and molecular weight of expressed His-tagged Bap protein was
confirmed by carrying out SDS-PAGE with broad range pre-stained protein ladder
having 10 – 230 kDa markers (New England Biolabs, India). The acrylamide
concentration was 10% in the resolving gel and 5% in the stacking gel. Expression
and purification of Bap was monitored by SDS –PAGE followed by Coomassie
blue staining.
Western blotting, semi-dry electro-blotting transfer method were carried
out as per following procedure. Proteins bands were transferred to polyvinylidene
fluoride (PVDF) membranes using iBLOT gel transfer stacks (Life Technologies)
by electro-blotting. The Non-fat-dried milk bovine blocking solution (Sigma) was
used at working concentration of 3%. Membranes were washed with PBS-Tween
and then incubated for 1 h at room temperature with a 1:10,000 dilution of AntiHis6 (C-term) monoclonal mouse antibody (Life Technologies). The bound
antibodies were detected by using BCIP and NBT.
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6.3 Results and Discussion
Staphylococcus aureus and other coagulase-negative staphylococci are the
most dominant bacteria among human implant-associated infections. In general,
pathogenicity and persistence of these infections are associated with biofilm
forming capability. Many surface proteins are reported to be involved in biofilm
formation such as SasG (Corrigan et al. 2007), FnBPA and FnBPB (O'Neill et al.
2008), and the biofilm-associated protein, Bap (Cucarella et al. 2001). The Bap
protein is encoded by a 6831 bp long bap gene. It is speculated that Bap family
proteins could be a novel antigen for protection studies. However, very little is
understood about its secondary and tertiary structural features. Over-expression
and purification of Bap is a prerequisite to carry out its biophysical
characterization.
This study appears to be the first report where full Bap protein was
expressed with His-tag to aid in purification procedure. Long range DNA
polymerase was able to amplify full 6.8 kb bap gene with restriction enzymes site
at the ends. After double digestion with restriction enzymes it was cloned into the
expression vector pTE21b upstream to 6X-His tag sequence (Figure 6.1).
Recombinant plasmid (pET21b-bap) was transformed in to cloning host E. coli
stbl2. Earlier, the commonly used cloning hosts were tried such as E. coli DH5-α
and XL1-blue, however, when transformed colonies were investigated for the
presence of bap gene, it was found that the fragment size was less than that of
expected size i.e. 6.8 kb. Later it was found that such an observation was due to
homologous recombination events with 13-direct tandem repeats in C-region of
bap gene. Therefore, E. coli stbl 2 was used for the transformation as these cells

173

Figure 6.1: Expression plasmid pET21b(+) used for biofilm associate protein
(Bap) expression. (A) Schematic representation of recombinant pET21b-bap
expression vector. (B) Diagram shows the essential elements of the construct for
E. coli expression. T7 promoter; ribosome binding site, bap gene, 6x His Tag and
T7 termination element.

are suitable for the cloning of unstable inserts such as retroviral sequences or
direct repeats (Singh and Singh 1995). To avoid any anomaly, cloning of full bap
gene was confirmed in various ways. First of all, transformed colonies were
checked for the presence of bap gene using internal primers sabF and sabR
(Table 6.2) in colony PCR (Figure 6.2). Few-false positive colonies were also
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overserved (lane 6 and 9), which happens to be due the self-ligation of vector
plasmid. Positive colonies were used to isolate recombinant plasmid and PCR
was performed with internal primers (Figure 6.3b). Insert release assay was
performed to confirm the size of inserted bap gene (Figure 6.3c). Figure 6.3c
shows that released DNA fragment was ~6.8 kb equivalent to full bap gene
whereas undigested plasmid had a size of 12.2 kb (5.4 kb plasmid + 6.8 kb bap
gene).
Since PCR can introduce some errors during DNA polymerization (Cha and
Thilly 1993), it was necessary to investigate whether there was any unintended
mutations in 6.8 kb long amplified DNA fragment. To confirm the identity of
amplified bap gene with the bap gene in situ (S. aureus V329), DNA sequencing
was performed with a battery of primers, each targeting 600 bp of gene (Table
6.3). Primers were designed using online programme by Genscript. DNA
sequence of the cloned gene was found to be 100% identical to bap in situ.
For the expression of the Bap in E. coli BL21(DE3)-pLysS, the recombinant
plasmid pET21b-bap was transformed into the expression host E. coli BL21(DE3)pLysS. In pET expression system, cloned gene is transcribed by T7 promoter that
binds specifically to T7 RNA polymerase and is not recognized by the E. coli RNA
polymerase thereby suppresses the leaky expression. On the other hand T7 RNA
polymerase gene remains under the control of the IPTG inducible lacUV5
promoter. Background expression from pET expression plasmids is further
minimized by the co-expression of T7 lysozyme (by either plasmid pLysS or
pLysE), which is a natural inhibitor of T7 RNA polymerase. T7 RNA polymerase
transcribes five times faster than E. coli RNA polymerase hence is suitable for
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Figure 6.2: Confirmation of positive selection of transformed cells by Colony PCR.
Lane M: DNA marker; Lane 1 to 11: 971 bp long PCR products amplified from cell
lysate. Lane 6 and 9 were identified as false-positive colonies.
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Figure 6.3:(A) DNA ladder showing size of respective bands (B) Detection 971
bp bap fragment: lane 1- DNA ladder; lane 2- pET-bap; lane 3- negative control
i.e. empty vector pET21b(+); lane 4-+ve control i.e. genomic DNA of S. aureus
V329. (C) Confirmation of cloning of bap by release of bap gene from recombinant
pET21b(+)-bap expression vector by RE digestion with NdeI and XhoI. Lane MDNA marker; Lane 2- pET21b(+)-bap; Lane empty expression vector pET21b(+)
(5.4 kb fragment) releasing bap gene insert (6.8 kb fragment).
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(A)

(B)

Figure 6.4: Analysis of expression, purification and identification of the Bap
protein with C-terminal fused His-tag by 10% SDS–PAGE and Western blotting.
(A) The SDS–PAGE analysis of pET21b-bap expression in BL21(DE3) induced
by 1 mM IPTG. Lane 1, molecular weight marker; lane 2, uninduced E. coli BL21
(DE3)/pET21b-bap; lane 3, induced E. coli BL21(DE3)/pET21b-bap; lane 3 & 4,
purified fused Bap protein with His6 tag with Ni-NTA (B) Western blotting analysis
of the Bap. Over-expressed Bap with c-terminal His6-tag was detected in E.
coli BL21(DE3)/pET21b-bap lysate and purified sample by Ni-NTA column with
anti-His6-Tag antibodies.
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expressing long genes without falling off. Successful expression of full-length of
Bap protein in E. coli BL21(DE3)-pLysS was accomplished at 30oC with 1 M IPTG
induction. While doing induction and expression of Bap, lower temperature (30 oC)
was chosen to enhance the stability of bap gene, which was unstable due the
presence of direct repeats via homologous recombination at higher temperature.
Subsequently, the Bap-His6 fusion protein was purified from E. coli BL21(DE3)pLysS via its His-tag using Ni-NTA affinity chromatography under native
conditions. SDS-PAGE of the affinity-purified fusion proteins revealed an
approximately 238-kDa protein (Figure 6.4A), which was again confirmed by
western blotting experiments using Anti-His tag antibody (Figure 6.4B). Using Cterminal His-tag has its own advantages as detection of C-terminal His-tag by antiHis6 tag antibody in western blotting confirms that the bap gene was fully
expressed i.e. 238-kDa as shown in Figure 6.4A and 6.4B.
Interestingly, bap gene is reported to be present only in some isolates of S.
aureus from bovine mastitis (Cucarella et al. 2001, Snel et al. 2015). Of late,
some bap harbouring S. aureus isolates were also reported which suggests that
a slow transfer of bap gene among S. aureus strains is very much possible (Potter
et al. 2009, Vautor et al. 2008). Horizontal gene transfer might spread the bap
gene among other pathogenic S. aureus strains because the bap gene is present
in Pathogenicity Island SaPIbov2, which is a mobile genetic element in S. aureus
V329 (Lasa and Penadés 2006, Latasa et al. 2006). Apart from this, studying
functioning and biophysical characterization of Bap is warranted as various other
surface proteins exhibit similar structural similarity, such as SasG (Corrigan et al.
2007), SasC (Schroeder et al. 2009) and accumulation-associated protein (Aap)
(Hussain et al. 1997, Rohde et al. 2005). SasG is homologous to the
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accumulation-associated protein Aap, which mediates biofilm accumulation in S.
epidermidis (Rohde et al. 2005). Spreading of Bap among staphylococci and the
presence of homologous proteins among other pathogens suggest the urgent
need of complete characterization of such proteins. This study enables us to do a
biophysical characterization study of Bap, which will further pave way to
understand and develop a suitable anti-biofilm strategies against S. aureus.

6.4 Conclusions
Successfully cloned, over-expressed the 6.83 kb long bap gene in E. coli. A
large amount of soluble Bap after NI-NTA purification was obtained. The
procedures of expression and purification of Bap in this study could be used to
produce large amount of protein for further biophysical characterization.
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7.1 Conclusions
The work described in this thesis has touched various aspects of S. aureus
biofilm as far as biofilm mediated proteins are concerned. Staphylococcus aureus
is a universal pathogen which causes mild to severely life threatening diseases
and constitutes one of the leading causes of hospital-acquired/healthcareassociated infections. With time there is growing knowledge about icaindependent S. aureus biofilm development which is predominantly mediated by
biofilm-associated surface proteins (Bap, Aap, FnBPs, etc.,). Recent studies
showed the higher frequencies of bap gene presence in coagulase-negative
Staphylococcus strains isolated from the nosocomial infections. This has
increased the urgency to develop fundamental understanding upon protein based
S. aureus biofilm development. Studies in this thesis establish the fact that cell
surface proteins play an important role in biofilm development. Few molecular
aspects of understanding of adhesion and biofilm phenomenon helped in
developing anti-biofilm control strategies in vitro. Major conclusion of the thesis
are summarized as below:


Bioinformatics analysis showed a conserved hepta-peptide in many BAP
family proteins and identified a putative antigenic region in Bap proteins.



Non antibiotic factors such as high concentration of Ca 2+ and proteases
can be of use in controlling Bap-mediated biofilms development.



Dominant role of surface proteins in biofilm establishment suggested that
Proteinase K can be used in biofilm dispersion as well as for anti-biofilm
activity, this can have implications for food industry.



Moreover treatment of Proteinase K also enhanced the antimicrobials
efficiency against S. aureus biofilms.
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Cloning and expression of full bap gene in E. coli will enable to carry out
further biophysical characterization of the Bap protein.

7.2 Summary of the thesis
In Chapter 1, a brief introduction of cell surface proteins and biofilm
associated proteins in S. aureus was described. CWA associated proteins plays
a critical role in initial phase and later phase of biofilm development. Attachment
of staphylococci to an abiotic surface is dependent on microbial surface
components such as the biofilm associated proteins, accumulation-associated
protein, autolysins, wall teichoic and lipoteichoic acids. Role of many CWA
proṭeins including clumping factors A and B and the fibrinogen-binding proteins
FnBPA and FnBPB in S. aureus in primary attachment to a biotic surface and
synthetic surfaces coated with plasma proteins, such as fibronectin, fibrinogen
etc., was discussed. A new classification of CWA proteins in S. aureus was also
described. A brief introduction and review of literature on current understanding
on biofilm-associated protein in S. aureus was also presented.

In Chapter 2 the outcome of in silico analysis of biofilm associated protein
that was performed to identify functional and conserved regions in BAP proteins
as well as to identify potential antibody-triggering regions in Bap protein was
presented. Bioinformatics studies, as describe in this chapter, established that
Bap like proteins in staphylococci are highly acidic, large and cell-wall anchored
proteins with tandem repeats. Structurally they have two distinct parts; N-terminal
part, which contains at least 2-3 calcium-binding EF-hand domains, might play a
regulatory role in Bap functioning. Whereas C-terminal part which predominantly
consist of tandem repeats plays functional as well as the structural role. An
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amyloidogenic heptapeptide (STVTVTF) was found to be conserved in tandem
repeats and predicted to participate in domain-domain interaction via hydrophobic
forces. Homology modelling studies shows that TR domains show the highest
homology with giant Ca2+ binding adhesin SiiE in Salmonella enteric followed by
an immunoglobulin-like structure in ice-binding adhesins of Marinomonas
primoryensis. Amyloidogenic heptapeptide was found to be present on the β
strand. An amino acid sequence (DVTSDATQVTGQAEPNST) in tandem repeats
that forms a random coil in immunoglobulin-like structure, was predicted to be
potential antigenic region.
The significant occurrence of Bap in bovine mastitis S. aureus isolates and
the putative presence of Ca2+ binding EF-hand motifs in Bap indicated that Ca2+
might have a role in bap- mediated regulation S. aureus biofilm development.
Chapter 3 describes the effect of Ca2+ on biofilm architecture in bap-positive, bapnegative, and bap-isogenic mutant of S. aureus bovine isolates. Biofilm assay
showed that Ca2+ inhibited the biofilm growth of bap-positive V329 and bapnegative SA10 and in a dose-dependent manner whereas other S. aureus strains
did not show any inhibition, however, biofilm inhibition in SA10 was found to be
due to planktonic growth inhibition at ≥ 5 mM Ca2+. Studies with increasing NaCl
concentration and Mg2+ suggested that the interaction of Bap and Ca2+ is specific.
CSLM studies at various concentration of Ca2+ on Bap positive S. aureus V329
showed a significant change (positively or negatively) in all biofilm parameters at
≥ 5 mM Ca2+. The inhibition effect of Ca2+ on V329 and SA10 biofilms disappeared
in the presence of chelating agent EDTA, which confirmed that biofilm inhibition
was due to the presence of Ca2+.
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With increasing number of reports on protein-based staphylococcal biofilms,
it is speculated that protease based dispersion method would be highly effective.
In Chapter 4 studies showed that Proteinase K can emulate the naturally
produced proteases and can be used to enhance the biofilm dispersal through
cleavage of surface proteins i.e. Bap- dependent S. aureus biofilm. Results using
Proteinase K to inhibit and to disperse preformed S. aureus biofilm indicated this
approach would be useful in general and has wider applicability. However, it was
also shown that Proteinase K did not affect the biofilm growth of bap-mutant M556
and SA392 strain. It was also shown that binding of Ca2+ to Bap did not render
any protection against proteolytic activity of Proteinase K. Biofilm composition
studies before and after Proteinase K treatment indicated that Bap might also be
involved in eDNA retention in biofilm matrix that aid in biofilm stability. Generally,
biofilm forms a physical barrier, limiting diffusion of antibiotics and thereby
reducing its efficacy. A synergistic effect in antibiotic efficacy against S. aureus
biofilm was observed when used with Proteinase K. CSLM studies showed
surface to biovolume ratio and roughness coefficient significantly enhanced after
proteinase K treatments which indicates that biofilm surface was more exposed
for antibiotics action.

In Chapter 5 the observations on effect of c-di-GMP on S. aureus biofilm and
cell morphology were described. The effect of c-di-GMP on Bap–mediated
intercellular adhesion and biofilm formation in all available S. aureus strains was
investigated. Results indicated that c-di-GMP apparently had no significant effect
on S. aureus biofilm development as well as planktonic cells in all the strains
tested. Interestingly, in this study, it was observed that c-di-GMP treated S. aureus
cells were smaller in size as compared to their counterparts. Recent reports have
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revealed that c-di-AMP plays important role in biofilm formation instead of c-diGMP, hence no further experiments were performed in this line.

In Chapter 6, cloning work of bap in E. coli, its over-expression, and
purification of His-tagged Bap protein was described. The two specific aims of this
study were i) to clone full length bap long gene (~6.8 Kb) in E. coli; ii) the
heterologous expression of the Bap protein to facilitate in vitro study of the Bap
protein. The full bap gene (~6.8 kb) was amplified using long range PCR kit and
cloned in expression vector pET21b(+) in E. coli stbl2 and in BL21 (pLysS) for its
over-expression. DNA sequencing of the cloned gene confirms 100% identity with
bap gene of S. aureus V329 in-situ. Successful expression of full length of Bap
protein in E. coli BL21 (pLysS) was confirmed by the SDS-PAGE and Western
blotting using Anti-His tag antibody. Sequence of expressing full Bap protein was
confirmed using MALDI-TOF and found to be identical to Bap in vivo.

7.3 Scope for future work:
Testing anti-biofilm peptide

An amyloidogenic peptide, -STVTVTF- in C-repeat of the Bap from S.
epidermidis was

reported to be responsible for protein-protein interaction

(Lembré et al. 2014). During bioinformatic analysis in Chapter 2, it was found to
be conserved in all the biofilm-associated proteins studied so far. Therefore, it is
hypothesized that a synthetic peptide having similar sequence -STVTVTF- may
be tested. This can mask the amyloidogenic peptide motif in Bap proteins and
interfere with its normal functioning. This hypothesis needs to be tested and
validated.
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Anti-Bap antibodies for various applications
During the bioinformatics studies as discussed in Chapter 2, an antigenic
region, “DVTSDATQVTGQAEPNST”, was predicted in the primary sequence of
tandem repeats which can be tested for developing a vaccine or antibody based
detection kits for detection of Bap/Bap like-proteins harbouring S. aureus strains.

Biofilm inhibition in S. aureus strain SA10
In Chapter 3 while studying Ca2+ mediated biofilm inhibition in V329 it was
understood that it is modulation of Bap functioning. Among the bap negative
strains the significant variation in SA10 biofilm growth in the presence Ca 2+ was
observed in two different media. In TSB supplemented with glucose SA10 showed
significant inhibition in the presence of Ca2+, however, when similar experiment
was conducted in the TRIS-G minimal medium it did not form a good biofilm as in
TSB-G medium which is a rich medium. Moreover the effect of Ca2+ mediated
biofilm inhibition was also not observed. This observation remain unexplained and
needs further investigations to understand the basic mechanism behind such
observation.

Application of Proteinase K based treatment regime
Recent studies as well as this thesis work (Chapter 4), on enzyme based
S. aureus biofilm disruption has emerged as a promising strategy to combat
biofilm-related persistent infections, since enzyme based antibiotic treatment
enhances the antibiotic sensitivity of microbial biofilm (Nguyen and Burrows
2014). Among such enzymes DNase I, Dispersin B and Proteinase K are
commercially produced. Dispersal mechanisms using such enzymes could be
utilized in the prevention of biofilm formation which are particularly associated with
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implanted medical devices (Svensäter et al. 1997). Several studies have found
that pre-treatment of polymeric surfaces (Mah and O'Toole 2001) or local delivery
of dispersal agents from the implanted device (Rasmussen 2000) should prevent
biofilm development. While these approaches sound promising, there are several
concerns that need to be thoroughly addressed before clinical trials. For example,
if the antibiotic treatment along with the Proteinase K fails to fully eradicate the
dispersed microbial cells, it might result in acute infections. Thus, more studies
are to be performed to confirm dispersal mechanisms in relevant animal models,
before treating S. aureus biofilm infections in clinical set ups. Apart from this, there
is a need to study the effect of a mixture of degradative enzymes on various
components of biofilm matrix.

Biophysical characterization of purified Bap proteins
As described in Chapter 6, the objective of the cloning and over expressing
of Bap gene was to isolate and purify full length Bap protein in controlled manner
under inducible promoter. Having optimized the condition for over-expression and
purification of Bap protein from E. coli, further biophysical characterization, such
as secondary structure analysis by circular dichroism and tertiary structure studies
with X-ray crystallography or NMR (nuclear magnetic resonance) will be a
valuable a contribution.
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APPENDICES
8.1 Reagents
0.8% Agarose
Agarose

0.8 g

Distilled water

100 ml

(For 1% add 1 g of agarose in 100 mL)
10% Ammonium persulfate
Ammonium persulfate

0.1 g

Distilled water

1.0 ml

(Store at -20 ºC about a week)
5X Bradford’s reagent
Coomassie Brilliant blue G250

50 mg

95% ethanol

25 ml

85% Phosphoric acid

50 ml

Distilled water

25 ml

(For assays dilute to 1X and use)
0.2% Crystal violet
Crystal violet

0.2 g

Distilled water

100 ml

70% Ethanol
Absolute ethanol
Distilled water

70 ml
30 ml

(Similarly for 90 and 96% ethanol use 90 mL and 96 mL of absolute ethanol
respectively and make up the volume to 100 mL)
2X Gel loading dye
0.05% Bromophenol blue

0.25 ml (from 2% stock)

0.05% Xylene cyanol

0.25 ml (from 2% stock)
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70% Glycerol

7 ml (from 100% stock)

Distilled water

2.5 ml

20% Glucose
Glucose

20 g

Distilled water

100 ml

50% Glycerol
Glycerol

50 ml

Distilled water

50 ml

0.88 % NaCl
Sodium chloride

0.88 g

Distilled water

100 ml

1X PBS
Potassium dihydrogen orthophosphate

0.2

g

Potassium chloride

0.2

g

Disodium hydrogen orthophosphate

1.15

g

Sodium chloride

8.0

g

1000

ml

Distilled water
5% Phenol
Phenol

5g

Distilled water

100 ml

0.85% saline
Sodium chloride

0.85 g

Distilled Water

100 ml

50X TAE
Tris base

242 g

Acetic acid, glacial

57.1 ml

0.5 M EDTA, pH 8.0

100 ml

Distilled water

to 1000 ml
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(To prepare 1X TAE, dilute 1 ml of 50X TAE to 50 ml with distilled water)
Acrylamide / Bisacrylamide (37.5 : 1)
Acrylamide

38.93 g

Bisacrylamide

1.07

Distilled water

to 100 ml

g

(Filter through a 0.45 µm filter membrane and store at 4 ºC)
BSA (2 mg/ml)
Bovine Serum Albumin

2 mg

Distilled water

1 ml

Cell lysis solution (per ml)
20 mM Tris-Cl

20 µl (from 1M stock)

2 mM EDTA

4 µl (from 0.5 M stock)

1.2% Triton-X 100

12 µl

Lysozyme

20 mg

Distilled water

964 µl

Ethidium bromide
Ethidium bromide

10 mg

Distilled water

10 ml

Hexamine/hydrochloric acid solution
Hexamine

30 g

50% Hydrochloric acid

1000 ml

SDS detergent solution
SDS

6g

Distilled water

1000 ml

8.3 Culture Media
Triptic Soy Broth medium
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Tryptic Soy Broth powder

30.0 g/L

Distilled water

1000 ml

Agar-Agar

15 g/L

Final pH (at 25 ºC) 7.3 ± 0.2
Boil to dissolve the medium completely and sterilize by autoclaving at 15 lbs
pressure (121 ºC) for 20 minutes. For plates add 15 g/L agar and sterilize.
Tris minimal medium
A)
Tris 17
Tris base, 0.5 M

60.57 g/L

Sodium chloride, 0.8 M

46.75 g/L

Ammonium chloride, 0.2 M

10.69 g/L

Sodium sulphate, 0.03 M

4.26

Potassium chloride, 0.2 M

14.91 g/L

Calcium chloride, 0.002 M

0.29

g/L

Magnesium chloride, 0.01 M

2.03

g/L

g/L

B) Tris 8
Sodium dihydrogen phosphate, 1%

1g/100 ml

C) Trace elements
Zinc sulphate hexahydrate, 5 mM

143.77 mg/L

Manganese chloride tetrahydrate, 5 mM

98.96 mg/L

Cobalt chloride tetrahydrate, 8 mM

190.34 mg/L

Copper chloride dihydrate, 1 mM

17.05 mg/L

Nickel chloride hexahydrate, 1 mM

23.77 mg/L

Sodium moybdate dihydrate, 1.5 mM

26.29 mg/L

Boric acid, 10 mM

61.83 mg/L

Ferrous sulphate

in trace
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Mix 100 ml of Tris 17 solution, 4 ml of Tris 8 solution and 800 ml of distilled water.
Adjust to a final pH of 7.2 ± 0.2 (at 25 ºC). Make up the volume to 1000 ml with
distilled water, sterilize by autoclaving at 15 lbs pressure (121 ºC) for 20 minutes.
At the time of use add 100 µl/L of filter sterilized trace elements and the required
amount of glucose from a 20% stock solution.

