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Abstract

The ability of Staphylococcus aureus to adhere to the ex-

tracellular matrix and plasma proteins deposited on

biomaterials is a significant factor in the pathogenesis of

orthopaedic-device related infections. S. aureus possesses

many adhesion proteins on its surface, but it is not known

how they interact with each other to form stable interac-

tions with the substrate.

A novel method was developed for extracting adhesins

from the S. aureus cell wall, which could then be further

analysed. The protocol involves using a FastPrep instru-

ment to mechanically disrupt the cell walls resulting in

native cell walls. Ionically and covalently bound proteins

were then solubilised using sodium dodecyl sulphate (SDS)

and lysostaphin, respectively. Western blot analysis of

covalently bound proteins using anti-protein A and anti-

clumping factor A sera showed that S. aureus produces

most surface proteins in early growth, and less in post-

exponential and stationary growth.

Immuno-gold labelling of protein A, and clumping

factor A was observed all over the bacteria and showed no

distinct surface distribution pattern. However, this label-

ling showed expression of surface associated proteins var-

ied in a growth-phase dependent and cell-density depend-

ent manner.
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Introduction

The Staphylococci

Staphylococci are Gram-positive bacteria, with diameters

of 0.5 – 1.5 µm and characterised by individual cocci,

which divide in more than one plane to form grape-like

clusters. To date, there are 32 species and eight sub-spe-

cies in the genus Staphylococcus, many of which prefer-

entially colonise the human body (Kloos and Bannerman,

1994), however Staphylococcus aureus and Staphyloco-

ccus epidermidis are the two most characterised and stud-

ied strains.

The staphylococci are non-motile, non-spore forming

facultative anaerobes that grow by aerobic respiration or

by fermentation. Most species have a relative complex

nutritional requirement, however, in general they require

an organic source of nitrogen, supplied by 5 to 12 essen-

tial amino acids, e.g. arginine, valine, and B vitamins,

including thiamine and nicotinamide (Kloos and

Schleifer, 1986; Wilkinson, 1997). Members of this ge-

nus are catalase-positive and oxidase-negative, distin-

guishing them from the genus streptococci, which are

catalase-negative, and have a different cell wall compo-

sition to staphylococci (Wilkinson, 1997). Staphylococci

are tolerant to high concentrations of salt (Wilkinson,

1997) and show resistance to heat (Kloos and Lambe

1991). Pathogenic staphylococci are commonly identi-

fied by their ability to produce coagulase, and thus clot

blood (Kloos and Musselwhite, 1975). This distinguishes

the coagulase positive strains, S. aureus (a human patho-

gen), and S. intermedius and S. hyicus (two animal patho-

gens), from the other staphylococcal species such as S.

epidermidis, that are coagulase-negative (CoNS).

Staphylococcus aureus

Staphylococcus aureus is a major pathogen of increas-

ing importance due to the rise in antibiotic resistance

(Lowy, 1998). It is distinct from the CoNS (e.g. S.

epidermidis), and more virulent despite their phylogenic

similarities (Waldvogel, 1990; Projan and Novick, 1997).

The species named aureus, refers to the fact that colo-

nies (often) have a golden colour when grown on solid

media, whilst CoNS form pale, translucent, white colo-

nies (Howard and Kloos, 1987). To date the S. aureus

genome databases have been completed for 7 strains,

8325, COL, MRSA, MSSA, N315, Mu50, and MW2

(Web ref. 1-6). The average size of the S. aureus genome

is 2.8Mb (Kuroda et al., 2001).

The cell wall of S. aureus is a tough protective coat,

which is relatively amorphous in appearance, about 20-

40 nm thick (Shockman and Barrett, 1983). Underneath

the cell wall is the cytoplasm that is enclosed by the cyto-
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plasmic membrane. Peptidoglycan is the basic component

of the cell wall, and makes up 50% of the cell wall mass

(Waldvogel, 1990). It is integral in the formation of the

tight multi-layered cell wall network, capable of withstand-

ing the high internal osmotic pressure of staphylococci

(Wilkinson, 1997). Another cell wall constituent is a group

of phosphate-containing polymers called teichoic acids,

which contribute about 40% of cell wall mass (Knox and

Wicken, 1973). There are two types of teichoic acids, cell

wall teichoic acid and cell membrane associated

lipoteichoic acid; bound covalently to the peptidoglycan

or inserted in the lipid membrane of the bacteria. Teichoic

acids contribute a negative charge to the staphylococcal

cell surface and play a role in the acquisition and locali-

sation of metal ions, particularly divalent cations, and the

activities of autolytic enzymes (Wilkinson, 1997). Pepti-

doglycan and teichoic acid together only account for about

90% of the weight of the cell wall, the rest is composed of

surface proteins, exoproteins and peptidoglycan hydrolases

(autolysins). Some of these components are involved in

attaching the bacteria to surfaces and are virulence deter-

minants. Finally, over 90% of S. aureus clinical strains

have been shown to possess capsular polysaccharides

(Karakawa and Vann, 1982; Thakker et al., 1998). Cap-

sule production is reported to decrease phagocytosis in

vitro, and to enhance S. aureus virulence in a mouse bacter-

aemia model (Wilkinson and Holmes, 1979; Thakker et

al., 1998), therefore acting as a form of biofilm.

The growth and survival of bacteria is dependent on

the cells ability to adapt to environmental changes. S.

aureus has evolved many mechanisms to overcome such

changes, particularly in an infection. A growth curve of

S. aureus grown under ideal conditions can be divided

into three phases: lag, exponential, and stationary, as

shown in Figure 1. During exponential phase, bacterium

metabolism is rapid and efficiently to ensure constant

growth. As the bacteria age and stop growing (post-expo-

nential), cellular metabolism is re-organised for long-term

survival under unfavourable conditions.

S. aureus has three well characterised global regula-

tors of virulence determinant production, agr (Recsei et

al., 1986; Morfeldt et al., 1988), sar (Cheung et al., 1992),

and sae (Giraudo et al., 1994) that regulate the expres-

sion of surface proteins, exoproteins, and other proteins

essential for growth. Studies have shown that the acces-

sory gene regulator (agr) up-regulates the production of

many exoproteins, including TSST-1, enterotoxin B and

C, and V8 protease (sspA); and down-regulates the syn-

thesis of cell wall associated proteins, including

fibronectin-binding proteins, and fibrinogen-binding pro-

teins during post-exponential and stationary growth phase

(Foster et al., 1990; Lindberg et al., 1990).

Cheung et al. (1992) identified a second regulatory

locus called staphylococcal accessory regulator (sarA), and

is distinct from the agr locus. A sarA mutant decreases

the expression of several exoproteins, such as α-, β-, and

δ-haemolysin, and increases others such as proteases

(Cheung et al., 1994; Chan and Foster, 1998). Studies

have also shown that sarA is essential for agr-dependent

regulation (Heinrichs et al., 1996; Lindsay and Foster,

1999). A double mutant, agr sarA was found to decrease

the expression of exoproteins and cell wall-associated

proteins compared to single agr and sarA mutants

(Cheung et al., 1992). The release of the S. aureus ge-

nome has led to the discovery of additional genes with

homology to sarA. These include sarH1 (also known as

sarS; Tegmark et al., 2000; Cheung et al., 2001) and

sarT  (Schmidt et al., 2001). The expression of sarH1 is

regulated by sarA and agr  (Tegmark et al., 2000), and is

transcribed, as is sarA by SigA- and SigB-dependent pro-

moters (Deora at al, 1997; Manna et al., 1998).

A further locus, sae (S. aureus exoprotein expression)

has been identified and shown to have a role in the pro-

duction of virulence determinants (Giraudo et al., 1994).

It has subsequently been shown to be different from the

agr and sarA loci (Giraudo et al., 1999). An sae mutant

caused a decrease in the production of α- and β-

haemolysin, DNase, coagulase and protein A (Giraudo et

al., 1994). However, no differences in the production levels

of d-haemolysin, proteases, and lipase were observed.

Giraudo et al. (1997) revealed by Northern blot that sae

affects exoprotein expression at the transcriptional level.

The regulation of virulence determinants may also in-

volve sigma factors (σ), which are proteins that bind to

the core RNA polymerase to form the holoenzyme that

binds to specific promoters (Moran, 1993; Deora and

Misra, 1996). In S. aureus there are two sigma factors:

Figure 1. Model of virulence factor production in sta-

phylococcal infections. In lag phase, bacteria initiate

an infection, then enter exponential phase where they

multiply and synthesise surface proteins and essential

proteins for growth, cell division and adhesion. Dur-

ing post-exponential, crowding activates a density

sensing mechanism, resulting in the production of tox-

ins and exoproteins. This enables the bacteria to es-

cape from the localised infection (abscess) during sta-

tionary phase and spread to new sites, where the cycle

is repeated.
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σA, the primary sigma factor responsible for the expres-

sion of housekeeping genes, whose products are neces-

sary for growth (Deora et al., 1997); and σB, the alterna-

tive sigma factor, that regulates the expression of many

genes involved in cellular functions (Deora and Misra,

1996). σB has a role in virulence determinant production,

and stress response (Horsburgh et al., 2002).

S. aureus cell wall associated surface proteins

The ability of S. aureus to adhere to plasma and extracel-

lular matrix (ECM) proteins deposited on biomaterials is

a significant factor in the pathogenesis of device-associ-

ated infections. Several specific adhesins are expressed

on the surface of S. aureus, which interact with a number

of host proteins, such as fibronectin, fibrinogen, colla-

gen, vitronectin and laminin (Foster and McDevitt, 1994),

and have been designated MSCRAMMs (microbial sur-

face components recognising adhesive matrix molecules)

(Patti et al., 1994). The biological importance of

MSCRAMMs and their roles as virulence determinants

are still being elucidated.

To be classed as a MSCRAMM, the molecule of inter-

est must be localised to the bacteria cell surface, and must

recognise a macromolecule ligand found within the host’s

ECM. These ligands include molecules such as collagen

and laminin, which are found exclusively in the ECM,

and others such as fibrinogen and fibronectin, that are

part-time ECM molecules but are also found in soluble

forms such as blood plasma (Patti et al., 1994). The in-

teraction of MSCRAMMs and the ECM should be of high

affinity and specificity. Numerous bacteria have been

shown to bind a variety of ECM components, some of

which have not been identified or characterised at the

molecular level. A single MSCRAMM can bind several

ECM ligands, whilst bacteria such as S. aureus can ex-

press several MSCRAMMs that recognise the same ma-

trix molecule (Boden and Flock, 1989; McDevitt et al.,

1994). This type of variation and interactions resemble

the ones between eukaryotic integrins and matrix mol-

ecules, in which the integrin can bind several different

ligands, and one particular ligand may be recognised by

several integrins (Ruoslahti, 1991).

Many cell wall associated surface proteins of Gram-

positive bacteria can be identified by analysis of primary

amino acid sequences.  At the N-terminal approximately

40 amino acids are required for Sec-dependent protein

secretion, and the C-terminal contains a wall-spanning

domain, rich in proline and glycine residues or composed

of serine-aspartate dipeptide repeats, an leucine-proline-

X-threonine-glycine (LPXTG) motif and a hydrophobic

membrane-spanning domain followed by a series of posi-

tively charged residues (Schneewind et al., 1995). The

ligand binding functions are often located in the N-ter-

minal domain (Patti et al., 1994). Most MSCRAMMs have

an LPXTG motif, which is cleaved between the threonine

and glycine by sortase (Navarre et al., 1998; Mazmanian

et al., 2001). In S. aureus, the carboxyl group of threo-

nine is covalently bound to the carboxyl group of a

pentaglycine sequence in the peptidoglycan (Ton-That et

al., 1997). Hence, the N-terminal ligand binding domain

is covalently linked to the cell wall peptidoglycan and

can only be released from the cell wall by cleavage with

the muralytic enzyme, lysostaphin (Schindler and

Schuhardt, 1964). Several proteins have been found to be

covalently bound to the insoluble cell wall peptidoglycan

in S. aureus via the sortase-catalysed pathway (Navarre

and Schneewind, 1999; Mazmanian et al., 2001).

Several in vitro studies have demonstrated that these

adhesins (or MSCRAMMs) promote S. aureus attachment

to each of the mentioned plasma or ECM proteins indi-

vidually adsorbed onto polymer or metal surfaces. Sev-

eral proteins have been characterised biochemically and

their genes sequenced, include protein A, fibrinogen bind-

ing protein, fibronectin binding protein, and collagen bind-

ing protein (François et al., 1996). There are many more

such adhesins on the surface of S. aureus, which have yet

to be identified and characterised.

S. aureus associated infections

S. aureus is considered to be a major pathogen that colo-

nises and infects both hospitalised patients with decreased

immunity, and healthy immuno-competent people in the

community.  This bacterium is found naturally on the skin

and in the nasopharynx of the human body. It can cause

local infections of the skin, nose, urethra, vagina and

gastrointestinal tract, most of which are minor and not

life-threatening (Shulman and Nahmias, 1972). Over 4%

of patients admitted into one of 96 hospitals in England

between 1997 and 1999 for surgery acquired a nosoco-

mial infection, which is defined as an infection where

there was no evidence the infection was present or incu-

bating prior to hospitalisation (Central Public Health Labo-

ratory, UK, 2000). The environment within a hospital also

supports the acquisition of resistant S. aureus strains. The

same study found 81% of the infections were caused by S.

aureus, and 61% of these were methicillin resistant.

The skin and mucous membrane are excellent barri-

ers against local tissue invasion by S. aureus. However, if

either of these is breached due to trauma or surgery, S.

aureus can enter the underlying tissue, creating its

characteristic local abscess lesion (Elek, 1956), and if it

reaches the lymphatic channels or blood can cause septi-

caemia (Waldvogel, 1990).  The basic skin lesion caused

by an S. aureus infection is a pyogenic abscess. However,

S. aureus can also produce a range of extracellular tox-

ins, such as enterotoxin A-E, toxic shock syndrome toxin-

1 (TSST-1) and exfoliative toxins A and B (Projan and

Novick, 1997). Ingestion of enterotoxin produced by S.

aureus in contaminated food can cause food poisoning

(Howard and Kloos, 1990). TSST-1 is the toxin responsi-

ble for toxic shock syndrome (TSS) and is only caused by

strains carrying the TSST-1 gene (Waldvogel, 1990). TSS

infections are commonly associated with menstruating

women, particularly those using tampons. The exfolia-

tive toxins are associated with staphylococcal scalded skin

syndrome (SSSS). SSS consists of three entities, toxic

epidermal necrolysis, scarlatiniform erythema, and bul-

lous impetigo (Howard and Kloos, 1987), all of which

damage the epidermal layer of the skin.

To date, infection rates following orthopaedic surgery

are 1-2% for total hip arthroplasty (Sanderson, 1991);

4% for total knee arthroplasty (Walenkamp, 1990); 2-25%
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for open fractures (Gustilo et al., 1990); and ~1.5% for

closed fractures (Boxma, 1995). S. aureus has been found

to be a common cause of metal-biomaterial, bone-joint

and soft-tissue infections (Petty et al., 1985; Barth et al.,

1989). The implantation of biomaterial into the human

body, and the damage caused is known to increase the

susceptibility to infection (Elek and Conen, 1957), and

activates host defences, stimulating the release of in-

flammatory mediators, including oxygen radicals and lyso-

somal enzymes (Merritt and Dowd, 1987; Dickinson and

Bisno, 1989; Gristina, 1994). The fate of a biomaterial

surface may be conceptualised as a “race for the surface”,

involving ECM, host cells and bacteria (Gristina, 1987).

Once biomaterial implants are implanted they are coated

with host plasma constituents, including ECM (Baier et

al., 1984). If host cells, such as fibroblasts arrive at the

biomaterial surface and secure bonds are established, bac-

teria are confronted by a living, integrated cellular sur-

face. Such an integrated viable cell layer with functional

host defence mechanisms can resist S. aureus attachment

(Gristina, 1987). However, S. aureus possesses a variety

of adhesion mechanisms, such as MSCRAMMs, that fa-

cilitates their adhesion to biomaterials, and to the ECM

proteins deposited on the biomaterial surface (Herrmann

et al., 1993). Once S. aureus attach to a surface, host cells

are unable to dislodge them (Gristina, 1994). Gross et al.

(2001), demonstrated that teichoic acids on the S. aureus

cell wall carry a negative charge, and have a key role in

the first step of biofilm formation.

Biofilm formation is a two-step process that requires

the adhesion of bacteria to a surface followed by cell-cell

adhesion, forming multiple layers of the bacteria (Cramton

et al., 1999). Once a biofilm has formed, it can be very

difficult to clinically treat because the bacteria in the in-

terior of the biofilm are protected from antibiotics and

phagocytosis (Hoyle and Costerton,1991). Virulence fac-

tors such as proteases are produced once S. aureus has

colonised a surface (Peterson et al., 1977).

There are also a number of implant-related factors that

influence the susceptibility to infection. These include the

size and shape of the implant (Melcher et al., 1994), the

technique and stability of the implant (Worlock et al.,

1994), surface characteristics (Gristina, 1987; Cordero et

al., 1994), and the material and its biocompatibility

(Gerber and Perren, 1980; Petty et al., 1985).

Biomaterial surfaces usually have a negative charge

and initially repel the negatively charged bacteria. How-

ever, at a distance of around 15nm, van der Waals and

hydrophobic forces are exerted and repulsion is overcome

(Pashley et al., 1985; Gristina, 1987). At distances of

around 1nm, short-range chemical interactions (ionic,

hydrogen, and covalent bonding) occur between the bio-

material and the host cells or bacteria, as shown in Fig-

ure 2 (Gristina, 1987). This is the reaction that occurs

between receptors on the ECM and those on the bacterial

cell wall.

The factors that influence the interaction and adhe-

sion between living cells and biomaterials and between

bacteria and biomaterials are the two most important com-

ponents of biocompatibility (Stickler and McLean, 1995).

All biomaterial surfaces in a biological environment ac-

quire a conditioning film of ECM proteins. The ECM is a

biologically active tissue composed of complex mixture

of macromolecules, such as fibronectin, fibrinogen, albu-

min, vitronectin, and collagen. Eukaryotic cell adhesion,

migration, proliferation and differentiation are all influ-

enced by the composition and structural organisation of

the surrounding ECM (Ruoslahti, 1991). It is known that

interaction between eukaryotic cells and the ECM is me-

diated by specific receptors such as integrins. Integrins

are composed of a and b units, and link many ECM pro-

teins to the cellular cytoskeleton (Ruoslahti, 1991). How-

ever, the ECM not only serves as a substrate for host cells

but also for the attachment of colonising bacteria. Over

the years, many bacterial surface adhesins have been

identified that are expressed by bacteria, e.g. S. aureus,

that promote attachment to plasma and ECM proteins of

host cells or those adsorbed onto polymer or metal sur-

faces (François et al., 1996). Gristina’s (1994) studies on

the interaction of the ECM proteins and the biomaterial

surface, found a tendency for lateral molecule-to-molecule

interaction, creating reticulated island-like arrangements

of non-confluent protein molecules on the surface. Hence,

the ECM is a dynamic layer of varying thickness, inter-

spaced with non-coated surfaces.

Stainless steel and titanium are the most commonly

used material for osteosynthesis implants, and the differ-

ences between the two metals are well documented (Perren,

1991; Chang and Merrittt, 1994; Melcher et al., 1994;

Arens et al., 1996). Stainless steel implants are associ-

ated with significantly greater infection rates than tita-

nium implants (Melcher et al., 1994; Arens et al., 1996).

A possible reason for this is the fact that soft tissue ad-

heres firmly to titanium implant surfaces (Gristina, 1987;

Perren, 1991), whilst a known reaction to steel implants

is the formation of a fibrous capsule, enclosing a liquid

filled void within (Woodward and Salthouse, 1986;

Gristina, 1987). Bacteria can spread and multiply freely

in this unvascularised space, which is also less accessible

Figure 2 Schematic diagram showing the interac-

tions that occur during the attachment of bacteria to a

substrate surface. At specific distances the initial re-

pelling forces between like charges (-) on the surfaces

of bacteria and substrate are overcome by attracting

van der Waals forces (
-
—

-
), and the hydrophobic in-

teractions between molecules (blue circles). Under

appropriate conditions the ECM is laid down, allow-

ing ligand-receptor interaction and attachment of the

bacteria to the substrate (based on image by Gristina

et al., 1985).
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to the host defence mechanisms. Therefore, the key to the

“race for the surface” is to have a biomaterial implant

with good biocompatibility with the host cells, optimal

adhesion characteristics to reduce capsule formation, and

a surface that discourages cellular hyper-inflammatory

responses (Perren, 1991; Gristina, 1994). Biocompatibility

is normally considered to involve four separate inter-re-

lated components; (1) the adsorption of proteins and other

macromolecules on the surface of the material; (2) the

changes induced in the material by the host; (3) the ef-

fects of the material on the local tissues of the host; and

(4) the effects of the implant on the host systemically or

remotely (Williams, 1989).

Treatment of S. aureus infections

The excessive use of antibiotics has led to the emergence

of multiple drug resistant S. aureus strains (Lowy, 1998).

Penicillin was introduced for treating S. aureus infections

in the 1940s, and effectively decreased morbidity and

mortality. However, by the late 1940s, resistance due to

the presence of penicillinase emerged (Eickhoff, 1972).

The staphylococci are very capable of evolving resistance

to the commonly used antimicrobial agents, such as, eryth-

romycin (Wallmark and Finland, 1961), ampicillin (Klein

and Finland, 1963), and tetracycline (Eickhoff, 1972). In

most cases, resistance to antibiotics is coded for by genes

carried on plasmids, accounting for the rapid spread of

resistant bacteria (Morris et al., 1998). Soon after the in-

troduction of methicillin, Jevons (1961) described the

emergence of methicillin resistant S. aureus (MRSA),

which have since spread worldwide as nosocomial patho-

gens. The Central Public Health Laboratory, UK (2000)

found that 61% of nosocomial S. aureus infections in the

96 hospitals studied were methicillin resistant.

Penicillin, a ß-lactam antibiotic works by inhibiting

bacterium cell wall synthesis by inactivating the penicil-

lin-binding proteins (PBP). MRSA strains produce a dis-

tinct PBP, designated PBP2/, which has a low affinity to

ß-lactam antibiotics, hence PBP2/ can still synthesise the

cell wall in the presence of the antibiotic (Hiramatsu,

1995). This is the basis for ß-lactam resistance in MRSA

strains. PBP2/ are products of the gene mecA, which is

located in mec, foreign chromosomal DNA found in me-

thicillin resistant strains but not in methicillin suscepti-

ble strains (Hiramatsu et al., 1997). Vancomycin, a glyco-

peptide has been the most reliable antibiotic against MRSA

infections; however, in 1996 the first MRSA to acquire

vancomycin intermediate resistance was isolated in Ja-

pan (Hiramatsu et al.,1997). Unfortunately, several van-

comycin insensitive S. aureus (VISA) strains have been

reported in the USA, France, Scotland, Korea, South Af-

rica and Brazil (Hiramatsu, 2001). Upon exposure to van-

comycin, certain MRSA strains frequently generate VISA

strains, called hetero-VISA (Hiramatsu, 2001). VISA re-

sistance appears to be associated with thickening of the

cell wall peptidoglycan, and due to an increase in the tar-

get for the glycopeptide in the cell wall, therefore requir-

ing more glycopeptide to inhibit the bacteria from grow-

ing (Hanaki et al., 1998). All VISA strains isolated ap-

pear to have a common mechanism of resistance, which

differs from that found in vancomycin resistant entero-

cocci, in that enterococcal van genes are not present

(Walsh, 1993). However in 2002, the first vancomycin

resistant S. aureus (VRSA) infection was documented in

a patient in the United States (Sievert et al., 2002). This

strain was shown to carry a van gene, suggesting that the

resistance determinant might have been acquired through

the genetic exchange of material between vancomycin

resistant enterococci and S. aureus. The spread of vanco-

mycin resistance worldwide is now inevitable, and could

potentially result in a return to pre-antibiotic era. Hence,

the identification of novel targets on the bacteria seems to

be a pre-requisite in the search for new antibiotics and

prophylaxis, e.g. vaccines.

Aim of study

The aim of this work was to develop an efficient method

for identifying and quantifying S. aureus adhesins, such

as protein A and clumping factor A. In order to identify

such cell wall associated proteins, a novel method of ex-

tracting proteins was used. Immuno-gold labelling was

also used to assist in the visualisation and quantification

of the adhesins.

Materials and Methods

Bacterial maintenance and culturing

Strains of S. aureus (listed in Table 1) were streaked from

glycerol stocks onto brain heart infusion (BHI) medium

plates containing relevant antibiotics, grown overnight

at 37°C and subsequently used to inoculate 100 ml pre-

warmed BHI (containing no antibiotics) in 250 ml coni-

cal flasks. Pre-cultures were grown to mid-exponential

phase at 37°C in a shaking water bath at 250 r.p.m. for 3

h [OD
600

 ~1; Jenway (Dunmow, Essex, UK) 6100 spec-

trophotometer] and used to inoculate 100 ml pre-warmed

BHI (same batch as pre-culture, no antibiotics) in test

flasks (250 ml) to a starting OD
600

 of 0.05 and again incu-

bated as above. Samples were taken after 2h, 4h, 8h, and

18h. These time points represent mid-exponential, post-

exponential, early and late stationary phases respectively

(Fig. 3).

Novel method for the extraction of cell wall

associated proteins

From 100-300 ml of culture, cells were harvested by cen-

trifugation (8,000 x g, 5 min, 4°C). The pellet was then

resuspended in 1 ml cold Tris buffered saline (TBS). The

cells were recovered by centrifugation  (8,000 x g, 5 min,

4°C), and the pellet resuspended in 1 ml cold buffer solu-

tion (50 mM Tris-HCl (pH 7.5), 0.1 M NaCl, 0.5 mM

phenylmethylsulphonyl fluoride (PMSF) and 1 mg/ml

iodacetamide). 0.5 ml of the bacterial suspension was then

transferred to a FastPrep tube (Anachem, Luton, UK).

The tubes were inserted in the FastPrep instrument

(Anachem), the speed set to 6 and time to 40 s. Disrup-

tion was repeated 10 times to ensure bacteria cells were
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Strain no. Genotype Phenotype Comment Source of

strain

57 S. aureus 8325-4 Wild-type strain cured of known prophages Wild-type Laboratory

stock

PC6911 agr Tcr Deficient in regulatory gene agr, so 8325-4 background Laboratory

up-regulates surface proteins stock

PC1839 sarA Kmr Deficient in regulatory gene sar, so 8325-4 background Laboratory

up-regulates surface proteins and stock

down-regulates proteases

PC18391 agr sar Tcr Kmr Deficient in regulatory genes agr and sar so 8325-4 background Laboratory

up-regulates surface proteins stock

LH01 agr spa  Emr Tcr Deficient in regulatory gene agr and 8325-4 background This study

protein A, up-regulates surface proteins

except protein A

LH02 sarA spa Kmr Tcr Deficient in regulatory gene sar and 8325-4 background This study

protein A, up-regulates surface proteins

except protein A

LH03 spa  Tcr Protein A deficient 8325-4 background This study

LH04 clfA:: Tn917 (Emr) Clumping factor A deficient 8325-4 background This study

LH05 clfA::Tn917 spa  EmrTcr Clumping factor A and protein A deficient 8325-4 background This study

Table 1. List of the S. aureus strains used in this study. Tcr, tetracycline resistance; Kmr, kanamycin resistance;

Eryr erythromycin resistance. PC6911 was used because surface proteins would be over produced; PC1839 because

less proteases would be produced and more surface proteins; PC18391 because it is a double mutant deficient in

both regulatory genes; LH03 and LH04 are deficient in the proteins of interest and can be used as controls for the

antisera specificity; and LH01, LH02 and LH05 to prevent non-specific binding to protein A.

Figure 3. Growth curve of S. aureus 8325-4, PC6911 (agr), PC1839 (sarA), PC18391 (agr sarA), LH03 (spa), and

LH04 (clfA) grown at 37°C in BHI.
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broken, with cooling on ice in between. The tubes were

cooled in ice and breakage of the cells verified by light

microscopy. The FastPrep beads were allowed to settle,

and the supernatant/suspension removed into a clean tube.

5 ml cold 50 mM Tris-HCl and 0.1 M NaCl. was added to

the suspension, before centrifuging at 2,000 x g for 10

min at 4 °C. The supernatant was removed and 5 ml cold

50 mM Tris-HCl and 0.1 M NaCl added to the pellet.

After mixing, the insoluble material was recovered by

centrifugation (15,000 x g, 10 min, 4 °C). The pellets

were resuspended in 1 ml cold 50 mM Tris-HCl (pH 7.5),

and recovered by centrifugation (as above) to give native

cell walls.

To isolate proteins ionically bound to the cell wall,

cell wall material was resuspended in 200 ml sodium

dodecyl sulphate (SDS) sample buffer with 5.6 % (v/v) 2-

Mercaptoethanol (BME; added just before used). The sus-

pension was boiled for 3 min, and cooled at room tem-

perature (RT) for 5 min. Insoluble material was removed

by centrifugation (13,000 X g, 5 min, RT) and the

supernatant retained for analysis.

The cell wall pellet was resuspended in 1 ml SDS sam-

ple buffer with 5.6 % (v/v) BME. The suspension was

boiled for 5 min, and allowed to cool at RT for 5 min. The

insoluble material was removed by centrifugation (13,000

x g, 5 min, RT) and the pellet resuspended in 5 ml 2 %

(w/v) SDS, 25 mM DL-dithiothreitol (DTT), 50 mM Tris-

HCl pH 7.5, 1 mM ethylenediamine-tetraacetic acid

(EDTA). After boiling and cooling as above, the insolu-

ble material was recovered by centrifugation (13,000 x g,

5 min, RT). The SDS-DTT treatment was repeated and

the pellet resuspended in 5 ml 50 mM Tris-HCl, pH 7.5.

The insoluble material was washed four times by cen-

trifugation and resuspension (as above). The OD of the

cell wall suspension at 450 nm was measured.  To 2OD
450

units worth of cell wall suspension 1 ml 5 mg/ml lys-

ostaphin was added to the suspension and made up to 100

ml with 50 mM Tris-HCl (pH 7.5). The suspension was

incubated by rotating the tubes at 37 °C for 3 h. Insoluble

material was removed by centrifugation (13000 x g, 10

min, RT). To the supernatant, 25 ml SDS sample buffer

(x5 concentrated) and 5.6% (v/v) BME were added. After

boiling (3 min), and cooling at RT for 5 min the insoluble

material was removed by centrifugation (13,000 x g, 5

min, RT).

SDS-PAGE and Western blot analysis

Cell wall associated proteins (prepared as above) were

analysed by SDS polyacrylamide-gel electrophoresis

(SDS-PAGE; Laemmli, 1970) using 12 % (w/v) or 7.5 %

(w/v) acrylamide gels using a Mini-Protean 3 (BioRad,

Hemel Hempstead, UK) gel apparatus for electrophore-

sis. After gel electrophoresis, gels were either stained with

Coomassie blue to visualise protein bands, or soaked in

transfer buffer for 30 min. The transfer of proteins to ni-

trocellulose or polyvinylidene difluoride (PVDF) mem-

brane was carried out in a LKB (Bromma, Sweden)

Electroblotter at 0.8 mA per cm2 of gel for 1 h.

After electrophoresis transfer, the non-specific pro-

tein-binding sites on the membrane were blocked by soak-

ing in 6 % (w/v) skimmed milk powder in Tris buffered

saline with Tween 20 (TBST) for 1 h at room tempera-

ture. This solution was replaced by antiserum diluted in

10 ml TBST containing 6 % (w/v) skimmed milk powder

for 1h. Nitrocellulose membranes were then washed three

times for 10 min in TBST. The membranes were then

incubated in the secondary antibody (goat anti rabbit IgG

conjugated to alkaline phosphatase; Sigma, Liechtenstein),

diluted 30,000 fold in TBST containing 6 % (w/v)

skimmed milk powder for 30 min. The nitrocellulose

membranes were washed three times for 10 min in TBST.

The nitrocellulose membranes were equilibrated in AP

buffer (1 M Tris-HCl (pH 9.5), NaCl, MgCl
2
.6H

2
O) for 5

min. The membranes were developed in the dark in 10

ml AP buffer containing 45 µl of 5-bromo-4-chloro-3-

indolylphosphate toluidine (BCIP) and 10 mg/ml nitro-

blue tetrazolium chloride (NBT) in dimethyl formamide.

Bands appeared within a few minutes to overnight. When

the blot had developed to the desired extent, development

was stopped by washing in water plus 2 ml each of Tris-

EDTA (TE) overnight. The membranes were stored dry,

and in the dark.

Immunocytochemistry

S. aureus strains were pre-cultured as above and used to

inoculate 40 ml pre-warmed BHI (same batch as pre-cul-

ture, no antibiotics) in test flasks (100 ml) to a starting

OD
600

 of 0.05 then mixed by shaking as above for 15 min.

1 ml samples of this culture was put on Thermanox®

(polyethylene terephthalate; Life Technologies, Basel,

Switzerland) discs, and incubated stationary at 37°C for

2h, 4h, and 18h. All fixation, and rinsing was carried out

at 20°C. All PIPES buffer (Piperazine-1,4-bis-2-

ethanesulfonic acid; Fluka, Buchs, Switzerland) used was

0.1 M concentration, at pH 7.4 (unless stated otherwise).

The BHI medium was removed and the bacteria were

rinsed twice in PIPES buffer for 2 min. The bacteria were

fixed in 4 % (w/v) paraformaldehyde in PIPES buffer for

5 min, and then rinsed 3x 2 min in PIPES buffer. Non-

specific binding sites were blocked with  1 % (w/v) bo-

vine serum albumin (BSA) and 0.1 % (w/v) Tween 20 in

PIPES buffer for 30 min. The bacteria were then incu-

bated with the one of the antisera listed in Table 2 for 1h.

Bacteria were rinsed 6x 1 min in PIPES, 1 % BSA (w/v)

and 0.1 % (w/v) Tween 20. More non-specific binding

sites were blocked with 5 % (w/v) goat serum, 1 % BSA

(w/v) and 0.1 % (w/v) Tween 20 in PIPES buffer for 30

min. The bacteria were secondary labelled with goat anti-

mouse or goat anti-rabbit 5 nm gold conjugate (British

BioCell International, Cardiff, UK), depending on the

primary antisera at a dilution of 1:200 in PIPES buffer, 1

% (w/v) BSA and 0.1 % (w/v) Tween 20 for 1h. The sam-

ples were then fixed with 2.5% glutaraldehyde in PIPES

for 5 min., then rinsed 3x 2 min in PIPES buffer before

being silver enhanced for 3 min followed by 4x 2 min

rinses in ultra high purity distilled water. Samples were

post-fixated using 1 %  (w/v) OsO
4
in PIPES pH 6.8 was

for 1h. The bacteria were rinsed 3x 2 min in PIPES buffer

at pH 6.8, before being dehydrated and mounted post-

staining with 1% OsO
4
 in PIPES (pH 6.8) for 1h. The

fixed bacteria were taken through an ethanol (v/v) series

(50 %, 70 %, 96 %, 100 %) for 5 min each. The ethanol
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was then substituted using 1:3, 1:1 and 3:1 fluorisol: etha-

nol for 5 min each, then 100 % (v/v) fluorisol for 5min.

Following this the samples were critically point dried in

a POLARON E3000 critical point drier (AGAR Scien-

tific, Stansted, UK), The samples were mounted onto stubs

and coated with 8 nm Au/Pd (or with 15 nm carbon for

immunocytochemistry) in a Baltec MED 020 unit (Baltec,

Balzers, Liechtenstein). Specimens were examined with

either a Hitachi S-4100 or S-4700 Field Emission Scan-

ning Electron Microscope (FESEM; Hitachi Scientific,

Düsseldorf, Germany) fitted with a Autrata yttrium alu-

minium garnet (YAG) backscattered electron (BSE) de-

tector, and operated in secondary electron (SE) and BSE

detection modes. The microscopes were operated at ac-

celerating voltages 5 kV, with a high emission current of

40 µA, and a working distance of 10 mm (Richards and

ap Gwynn, 1995). Digital images were taken using the

Quartz PCI image acquisition system (Quartz Imaging,

Vancouver, Canada).

A control for immunolabelling was also carried out by

omitting the primary antibody from the labelling method,

leaving the sample in 1 % (w/v) BSA and 0.1 % (w/v)

Tween 20 in PIPES buffer for 1h whilst the other samples

were labelled with one of the antisera listed in Table 2.

The method was the same after this step.

Results

SDS-PAGE and Western blot analysis

In order to begin to identify proteins observed on the SDS-

PAGE gels, Western blot analysis was carried out using

specific anti-sera against the known proteins, protein A,

and clumping factor A. S. aureus 8325-4, PC6911 (agr),

PC1839 (sarA) PC18391 (agr sarA), LH03 (spa) and

LH04 (clfA) were harvested and covalently bound pro-

teins extracted. Samples were separated on 12 % (w/v)

SDS-PAGE and blotted on nitrocellulose membrane.

Anti-protein A sera was used to analyse the distribu-

tion of protein A , a 42-kDa protein in the cell wall of

various strains during growth. On the 12 % (w/v) SDS-

PAGE gels (Fig. 4i-iii), the protein A band was not obvi-

ous in comparison to the 24-kDa lysostaphin band, clearly

present in all lanes. Western blot of 8325-4 sample re-

vealed three cross reactive bands, of around 36-, 40- and

45-kDa (Fig. 4ii). Strain LHO3 (spa) revealed two cross

reactive bands of 36- and 40-kDa (Fig. 4ii). Thus the spe-

cific reactivity is associated with the 45-kDa protein, that

is missing in LH03 (spa). In 8325-4 protein A shows a

growth phase dependence only being present during ex-

ponential growth. However, in PC6911 (agr) a greater

level of protein A is present throughout growth (Figure

4ii). In PC1839 (sarA) and PC18391 (agr sarA), several

bands were observed showing cross-reactivity to protein

A (Fig. 4iii). This is most likely due to proteolytic diges-

tion of protein A by SarA repressed proteases.

Anti-ClfA sera was used to analyse the presence of

clumping factor A during growth. ClfA has previously

been shown to be covalently bound to the peptidoglycan

(Hawiger et al., 1982; McDevitt et al., 1994). No obvious

differences were seen on the 12 % (w/v) SDS-PAGE gels

(Fig. 5i) between the different strains and the clfA mu-

tant. In 8325-4 several bands were observed on the West-

ern blot which cross reacted with the ClfA antisera (Fig.

5ii). At 2h, a band of around 45-kDa was seen. Later dur-

ing growth several bands of between 36-66-kDa were ap-

parent. In PC6911 (agr) only a single band of around 45-

kDa was apparent throughout growth. All cross reactive

material observed in 8325-4 and PC6911 is ClfA, as LH04

(clfA) showed no reactivity at all. In strains containing

the sarA mutation (Fig. 5iii), bands of around 48-, 66-

and >66-kDa were seen. At 4h and 18h all reactive band-

ing has disappeared from PC1839 (sarA), whereas

PC18391 (agr sarA) had the same bands present at 2h as

PC1839 (sarA).

Full size ClfA has been reported to be a protein of 92-

kDa (McDevitt et al., 1994). Hence, the same covalently

bound protein samples were separated on 6 % SDS-PAGE

gels. However, the Western blots showed no extra bands

in any lanes (results not shown).

Immunocytochemistry

Immunocytochemistry was used to analyse the surface

location of S. aureus protein A and clumping factor A.

Monoclonal anti-protein A sera (SPA-27, Sigma) was used

to study the location of protein A on the cell wall of vari-

ous strains of S. aureus during growth. At 2h, a variation

in the amount of immunogold labelling was observed be-

tween the different strains (Fig. 6i-vi). S. aureus 8325-4

appeared to have less label than the mutants PC6911 (agr),

PC1839 (sar) and PC18391 (agr sar). No immunogold

labelling was observed on LH03 (spa) bacteria (Figure

6v), and the control bacteria which were not labelled with

anti-Spa sera had no labelling on their surfaces or back-

ground labelling (Figure 6vi). Background labelling was

observed in most cases, including LH03, around the spa

mutant bacteria.

Antisera Dilution Source

Monoclonal Anti-protein A (Spa), mouse ascites fluid 1/500 Sigma

Anti-ClfA, rabbit ascites fluid 1/500 TJ Foster, Dublin

Table 2  List of antisera used in immunolabelling experiments.



47

L.G. Harris et al                                                                                                                             S. aureus adhesins

Figure 5. 12 % (w/v) SDS-

PAGE and Western blot analy-

sis of proteins covalently

bound to the cell wall. Sam-

ples were harvested from vari-

ous strains after 2, 4, and 18h,

and the covalently bound pro-

teins extracted by FastPrep,

digested with lysostaphin, and

boiled for 3min in SDS-sam-

ple buffer before separating on

12 % SDS-PAGE gels and

blotting onto nitrocellulose

membranes. Anti-ClfA sera

was used on the Western blots

as described in section 2.9.2.

m=Dalton VII standard

marker of sizes shown; a) S.

aureus 8325-4, b) PC6911

(agr), c) LH04 (clfA), d)

PC1839 (sarA),  and e)

PC18391 (agr sarA). Black

arrows show presence of ClfA.

i

ii iii

iiiii

i Figure 4. 12 % (w/v) SDS-

PAGE and Western blot analy-

sis of proteins covalently

bound to the cell wall. Sam-

ples were harvested after 2, 4,

and 18h growth (as indicated).

Proteins covalently bound to

the peptidoglycan were pre-

pared as described, and sepa-

rated by 12 % (w/v) SDS-

PAGE before blotting onto ni-

trocellulose membranes, and

anti-Spa sera was used on the

Western blots. 0.25 OD
600

units per lane. m=Dalton VII

standard marker of sizes in-

dicated; Gel (i) is the 12 % (w/

v) SDS-PAGE and contains a)

S. aureus 8325-4; b) PC6911

(agr); c) LH03 (spa); d)

PC1839 (sarA) and e)

PC18391 (agr sarA). Gel (ii)

and (iii) are Western blots of

gel (i). White arrow points to

the lysostaphin band, and the

black arrow shows presence of

protein A on the membrane.
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The amount of immunogold labelling after 4h, varied

depending on the strain (Fig. 7i-vi). Immunogold labelled

protein A was seen on the surfaces of 8325-4 (Fig. 7i),

PC6911 (agr) (Fig. 7ii), and PC18391 (agr sar) (Fig. 7iv),

however immunogold labelling was only observed on the

surfaces of some PC1839 (sarA) (Fig. 7iii). LH03 (spa)

and the controls showed no immunogold labelling (Fig.

7v and 7vi). Background labelling was less in 4h samples

than in 2h samples.

Eighteen hours after culturing, immunogold labelling

of protein A was observed on most strains, to varying

degrees (Fig. 8i-vi). The amount of immunogold label

appeared to be greater on PC6911 (agr) than at 2 and 4h

(Fig. 8ii). The immunogold labelling observed on 8325-

4, PC1839 (sarA), and PC18391 (agr sarA) were similar

in amount to the samples labelled after 2h (Fig. 6). Back-

ground labelling was also minimal compared to samples

at 2h.

No pattern was observed in the way the bacteria had

been immunogold labelled over time. The bacteria sur-

face topography observed using conventional fixation

methods were not seen so clearly following immunocyto-

chemistry and carbon coating. Division lines were ob-

served in some samples.

S. aureus 8325-4, LH01 (agr spa), LH02 (sarA spa),

LH03 (spa) and LH06 (clfA spa) were cultured, harvested

and immunogold labelled as described previously. The

double mutants (LH01, LH02 and LH06) were constructed

by transducing spa into PC6911 (agr), PC1839 (sarA)

and LH04 (clfA) backgrounds. This would prevent non-

specific binding of IgG to Spa.

Two hours after culturing, very little variation was ob-

served in the amount of immunogold labelling on the sur-

face of the different strains (Fig. 9i-vi). The immunogold

labelling was due to the labelling of ClfA and not Spa

because  LH03 (spa) also had labelling on its surface (Fig.

9iv). Background labelling was present on the samples,

including on the LH06 sample (clfA spa) (Fig. 9v), which

had no labelling on the cell surface, confirming the label-

ling observed on the other samples is ClfA. No

immunogold labelling was seen on the bacterial surface

or in the background of the control (Fig. 9vi).

Very little immunogold labelling was seen on 4h sam-

ples compared to 2h (Fig. 10i-vi). No immunogold label-

ling was seen on 8325-4 (Fig. 10i) or LH03 (spa) (Fig.

10iv). LH01 (agr spa) had immunogold labelling on the

surface (Fig. 10ii), whilst much more labelling was ob-

served on LH02 (sarA spa) (Fig. 10iii). The two control

samples, LH06 (clfA spa) which do not express ClfA and

the sample not labelled with anti-ClfA  had no gold on

their surfaces (Fig. 10v and 10vi). No background label-

ling was observed on any of the samples.

At 18h, immunogold labelling was observed (Fig. 11i-

vi). The amount seen on the surface of 8325-4, LH01 (agr

spa) and LH03 (spa) was similar (Fig. 11i, 11ii and 11iv),

whilst LH02 (sarA spa) had little immunogold labelling

to be seen on the surface. No immunogold labelling was

seen on LH06 (clfA spa) (Fig. 11v) or on the control sam-

ples (Fig. 11vi). Very little background labelling was ob-

served on the samples.

No distinct immunogold labelling pattern was seen

on any of the samples, even at different times during

growth.

Discussion

This study has described experiments to develop a reli-

able method for extracting proteins from S. aureus cell

walls, with the intention of identifying ionic and covalently

bound proteins. Previous studies have solubilised cell wall

associated proteins directly using different peptidoglycan

hydrolase or chemical extraction (Sugai et al., 1990; Fos-

ter, 1992). Over the years, many have obtained cell wall

extracts by physically disrupting the cell wall (Ames and

Nikaido, 1976; Foster, 1992; Navarre et al., 1998). In

this study the physical disruption of the cells gave a con-

venient method for purification of native cell walls. Wash-

ing with low salt buffer released non specifically associ-

ated proteins (Foster, 1993). Extraction of the native cell

walls with SDS efficiently removed ionically bound pro-

teins (Figure 3.1. lane 9). Several proteins ionically bound

to the cell walls of S. aureus have previously been identi-

fied. These include the multiple form of the major au-

tolysin, Atl (Foster, 1995). Once the ionically bound pro-

teins had been removed, the covalently bound proteins

can be solubilised by digestion of the native cell wall with

a peptidoglycan hydrolase. The advantage of disrupting

the cell walls prior to digestion with a peptidoglycan hy-

drolase is that proteins not specifically associated with

the cell wall have already been removed.

Several surface proteins have been found to be

covalently bound to the insoluble cell wall peptidoglycan

in S. aureus by a mechanism requiring a COOH-terminal

sorting signal with a conserved LPXTG motif (Navarre

and Schneewind, 1999). The linkage occurs via a direct

bond between the proteins and the glycine residues of the

peptidoglycan (Schneewind et al., 1995). It has been pro-

posed that surface proteins of S. aureus are linked to the

cell wall by sortase, an enzyme that cleaves the polypep-

tide between the threonine and the glycine of the LPXTG

motif, and captures cleaved polypeptides as  thioester en-

zyme intermediates (Ton-That et al., 1999). Such cleav-

age appears to catalyse the formation of an amide between

the carboxyl-group of threonine and the amino-group of

peptidoglycan cross-bridges (Mazmanian et al., 2001).

In S. aureus, the synthesis of surface proteins occurs

in early growth and is down-regulated in post-exponen-

tial and stationary growth (Kornblum et al., 1990; Projan

and Novick, 1997). This was shown by Western blot analy-

sis of covalently bound proteins using anti-Spa and anti-

ClfA sera. In 8325-4, protein A was shown to be growth

phase dependent and regulated by the regulatory locus

agr, since PC6911, the agr mutant had protein A present

throughout growth (Figure 4ii). It is known that the agr

locus down-regulates the production of surface proteins

(Foster and McDevitt, 1994; Chan and Foster, 1998),

hence an agr mutation would result in increased produc-

tion of surface proteins. The Spa cross-reactive bands

observed in PC1839 (sar) and PC18391 (agr sar) were

the result of the proteolytic digestion of protein A by
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Figure 6.  BSE images of S. aureus strains grown on Thermanox for 2h, then immunogold labelled with anti-spa,

and imaged using Hitachi S-4100 FESEM with accelerating voltage of 5 kV, and 40 µA emission current. i) S.

aureus 8325-4; ii) PC6911 (agr); iii) PC1839 (sarA); iv) PC18391 (agr sarA); v) LH03 (spa); and vi) control,

PC6911 (agr), no primary antisera.  Immunogold label seen on most bacteria (black arrows) with the exception of

LH03 and  the control sample. Labelling is not uniform and gold label not round in shape. White arrows indicate

presence of background labelling.

i ii

iii iv

v vi
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Figure 7.  BSE images of S. aureus strains grown on Thermanox for 4h, then immunogold labelled with anti-spa,

and imaged using Hitachi S-4100 FESEM with accelerating voltage of 5 kV, and 40 µA emission current. i) S.

aureus 8325-4; ii) PC6911 (agr); iii) PC1839 (sarA); iv) PC18391 (agr sarA); v) LH03 (spa); and vi) control,

8325-4, no primary antisera. Black arrows indicate presence of immunogold labelling on the surface of the bacte-

ria.

i ii

iii iv

v vi
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Figure 8. BSE images of S. aureus strains grown on Thermanox for 18h, then immunogold labelled with anti-

spa, and imaged using Hitachi S-4100 FESEM with accelerating voltage of 5 kV, and 40 µA emission current. i)

S. aureus 8325-4; ii) PC6911 (agr); iii) PC1839 (sarA); iv) PC18391 (agr sarA); v) LH03 (spa); and vi) control,

PC1839 (sarA), no primary antisera. Black arrows indicates presence of immunogold labelling on the surface of

the bacteria, and white arrow indicates background labelling.

i ii

iii iv

v vi
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Figure 9. BSE images of S. aureus strains grown on Thermanox for 2h, then immunogold labelled with anti-

ClfA, and imaged using Hitachi S-4100 FESEM with accelerating voltage of 5 kV, and 40 µA emission current.

i) S. aureus 8325-4; ii) LH01 (agr spa); iii) LH02 (sarA spa); iv) LH03 (spa); v) LH06 (clfA spa); and vi) control,

LH01 (agr spa), no primary antisera. Black arrows indicate presence of immunogold labelling on the surface of

the bacteria. White arrow indicates presence of background labelling.

i ii

iii iv

v vi
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Figure 10. BSE images of S. aureus strains grown on Thermanox for 4h, then immunogold labelled with anti-

ClfA, and imaged using Hitachi S-4100 FESEM with accelerating voltage of 5 kV, and 40 µA emission current.

i) S. aureus 8325-4; ii) LH01 (agr spa); iii) LH02 (sarA spa); iv) LH03 (spa); v) LH06 (clfA spa); and vi) control,

LH01 (agr spa), no primary antisera. Black arrows indicate presence of immunogold labelling on the surface of

the bacteria.

i ii

iii iv

v vi
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Figure 11. BSE images of S. aureus strains grown on Thermanox for 18h, then immunogold labelled with anti-

ClfA, and imaged using Hitachi S-4100 FESEM with accelerating voltage of 5 kV, and 40 µA emission current. i)

S. aureus 8325-4; ii) LH01 (agr spa); iii) LH02 (sarA spa); iv) LH03 (spa); v) LH06 (clfA spa); and vi) Control,

LH01 (agr spa), no primary antisera. Black arrows indicate presence of immunogold labelling on the surface of

the bacteria. White arrows indicates presence of background labelling.

i ii

iii iv

v vi
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proteases, specifically V8 protease (SspA) (Figure 4iii),

which is repressed by sarA (Karlsson et al., 2001). sarA

can also down-regulate the production of protein A at the

transcriptional level by binding to the spa promoter

(Cheung et al., 1997; 2001). Hence, both agr and sarA

are co-regulators for the synthesis of protein A, which is

produced in a growth-dependent manner. During growth

several bands were observed in 8325-4 and the mutants

which cross-reacted with the anti-ClfA sera (Figure 5ii),

but none were as large as expected. These bands were

absent in LH04, the clfA negative strain, suggesting that

the protein bands observed were ClfA, and were probably

broken down into smaller fragments by the activity of a

protease, as observed by Hartford et al. (1997). The lanes

containing the agr mutant (Figure 5iiB) had more promi-

nent bands than the other strains. Northern blots and ex-

pression studies have shown that clfA is transcribed

throughout growth (Wolz et al., 1996; Hartford et al.,

1997; Wolz et al., 2002). The Western blot in this study

(Figure 5ii) also showed the presence of ClfA protein

throughout the growth cycle. This suggests that clfA is

partially regulated by the agr locus, but is also regulated

by an agr-independent mechanism, since bands were only

observed in the log phase of PC1839 (sar) and PC18391

(agr sar) (Figure 5iii).

Immunocytochemistry was also used to localise pro-

tein A and ClfA on the surface of S. aureus. The method

used was a modification of a method used to label vinculin

on fibroblasts (Richards et al., 2001). Immunogold label-

ling against protein A was seen on the S. aureus 8325-4

and mutants with the exception of LH03, spa mutant, in-

dicating that the sera was specific. A monoclonal anti-

body to protein A of mouse IgG1 isotype was used due to

its low non-specific binding of mouse IgG to protein A

(Sigma product information, 1998). Sigma found that a

polyclonal antibody to protein A produced in rabbits and

mice had in addition to Fab antigen binding sites specific

for protein A, a significant  non-immune Fc binding ac-

tivity with protein A. Protein A is known to bind to the Fc

fragment of IgG (Moks et al., 1986), hence the polyclonal

antibody would have resulted in non-specific labelling.

During growth, the amount of protein A immunogold la-

belling observed varied. In early log-phase, immunogold

label was observed all over the bacteria, by late-log-phase/

early exponential (4h) the amount of labelling observed

decreased, particularly in PC6911 (agr) and PC1839

(sarA). By stationary phase (18h), the amount of label

was similar to that seen on bacteria at 2h. This observa-

tion did not follow the trend seen on the Western blots

(Figure 3.6), but the difference could be the result of the

slightly different culturing method used that had to be

used for immunolabelling. The Western blots were the

result of liquid cultures rotating, whilst the immunogold

labelling involved culturing in a small stationary volume.

Unfortunately, quite a lot of background labelling was

observed on these samples despite the blocking procedures.

However, this did not have an effect on the results, as

labelling was observed on all samples except LH04, the

clfA mutant and the control (no primary antibody). For

the immunogold labelling of ClfA, the spa mutation was

transduced into some of the other strain backgrounds (see

Table 1). The double mutants were constructed so that

protein A ordinarily present on the surface would not re-

act with the ClfA antisera during the labelling procedure.

Thus, despite the background labelling observed in Fig-

ure 9iv, the labelling on LH03 had to be ClfA, as LH03

does not carry the gene, spa. McDevitt et al. (1994) found

that ClfA was expressed throughout growth, whereas ClfB

is only expressed in the first 2-3h of growth (Hartford et

al., 1997). The immunogold labelling in this study par-

tially followed the expected expression pattern seen on

Western blots and in the literature (McDevitt et al., 1994,

1995; Hartford et al., 1997; Ni Eidrin et al., 1998), ex-

cept for the low labelling at 4h. The reason for this vari-

ation is unknown. The differences in expression observed

between immunogold labelling and Western blot analy-

sis, could be the result of a modified culturing technique.

An aim of this project was to quantify the amount of

adhesins on the surface of S. aureus. This could not be

done due to the amount of immuno-gold label visualised,

and the irregular shape of the silver enhanced gold probes.

The irregularity of the silver enhanced gold probes was

probably due to the post-fixation using OsO
4
, which is

known to etch the silver enhance used to visualise the

5nm gold probes (Owen et al., 2001).

Conclusions

This study has developed an improved method of extract-

ing covalently bound cell associated proteins, known to

be involved in the adherence of S. aureus to substrates.

By using the FastPrep instrument, purer samples were

obtained for SDS-PAGE and Western blot analysis than

from using other protein extraction methods (Cheung and

Fischetti, 1988; Sugai et al., 1990; Foster, 1992; Navarre

et al., 1998). The Western blot analyses confirmed previ-

ous observations that cell associated surface proteins are

expressed primarily during log phase. It is during expo-

nential growth that S. aureus primarily adheres to

substrates before the agr locus causes the down-regula-

tion of the surface proteins, and the up-regulation of

exoproteins and other virulence determinants. Immuno-

gold labelling of protein A and ClfA was observed all over

the bacterial surface and showed no distinct distribution

pattern when expressed.
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Discussion with Reviewers

P. Lambert: The images give a very clear impression of

the microbial cells and surface localisation on the anti-

gen. Some clumping of the immunogold label has occurred

during amplification, would this be reduced by use of dif-

ferent amplification methods?

Authors: One reason for the clumping of immunogold is

that the amplification time was too long, a shorter silver

enhancement time would have decreased this problem. A

second possible solution is to use gold enhancement which

results in smaller amplification of the immunolabel and

has two other advantages, it is not etched by osmium

tetroxide and secondly if one is studying S. aureus adhe-

sion to a metal implant gold enhancement does not react

with the metal implant unlike the silver enhancement

(Owen et al., 2001).

P. Lambert: Production of exocellular polysaccharide is

a prominent feature of microbial biofilms, especially in

infections associated with medical devices . Would the

authors predict that their EM methods would work with

cells grown as mature biofilms or on clinical specimens?

Authors: Mature biofilms could be visualised using the

fixation techniques mentioned, however the

immunolabelling technique would not work so well due

to the presence of the exocellular polysaccharide which

could prevent the antibodies reaching their target anti-

gen. The problem with a clinical specimen  would be to

ensure that the bacteria had adhered to the biomaterial,

otherwise maybe a transmission electron microscopy

method of immunolabelling could be used with a suspen-

sion.

D. Stickler: Why use aerated cultures for preparation of

the cells that were examined by Western blotting and static

cultures for the culture of immunogold-labelling?

Authors: The protocol used for the Western blot followed

a published conventional microbiology methods and the

protocol used for the immunogold labelling followed the

methodology used for immunolabelling fibroblast cells

(Richards et al., 2001). This is a good suggestion for fu-

ture studies to develop the immunolabelling technique for

aerated cultures.

D. Stickler: The levels of background staining in the

immunogold labelling are a cause for concern, even though

the authors follow all the conventional attempts to pre-

vent this in the blocking steps used in their protocol. The

background persists, particularly in Figure 9 where it

makes interpretation difficult. Interpretation would be
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easier if additional control staining had been carried out

for comparison. The only controls illustrated involved

omission of the primary antibody. This only permits as-

sessment of any non-specific signal attributable to the

subsequent application of the second antibody. Could the

authors comment on the requirement for further controls

to detect any non-specific binding by the primary anti-

body itself?

Authors: Mutant strains which were defective in the an-

tisera used i.e. LH03, spa defective and LH04, clfA defec-

tive were used as controls. These two strains cannot bind

the antibodies used because the bacteria do not have an

active receptor to the antibodies. Double mutants were

used in the ClfA immunolabelling method to prevent the

binding of the ClfA antibodies nonspecifically to Protein

A. The high level of background on the substrate could

be due to nonspecific binding to residue material remain-

ing from the culture media, however the controls showed

very low background labelling on the bacteria themselves.

D. Stickler: The authors comment that the gold labelling

was non-uniform and irregular. They were of course

imaging the silver-enhanced gold marker and not the gold

particles directly. Have the authors considered that epitope

distribution may be quite different between the S. aureus

strains? Figure 6i compared to 6ii shows relative few large

silver/gold deposits. Does this represent tight grouping

of protein A on the cell surface of the wild type. Variation

in the density of epitope distribution across the cells may

not have been immunogold labelled with equal sensitiv-

ity by the 5nm gold conjugate due to steric hindrance.

Did the authors consider using 1nm gold labelled sec-

ondary antibody to improve the sensitivity and resolution

of the method?

Authors: There is a possibility that there are different

epitope distributions between the strains, but this was not

noticeable in this study. The reason for more labelling on

Figure 6ii, agr mutant compared to 6i, wild-type is that

the agr mutant is known to express more surface pro-

teins, such as protein A, compared to the wild-type. Pre-

vious work with fibroblasts from this group showed bet-

ter sensitivity compared to 1nm gold, since not all 1nm

gold particles enhanced. The authors believe this is due

to the antibody wrapping around the gold particle pre-

venting contact with enhancement solutions. The authors

agree that the larger the gold label used, the higher is the

degree of steric hindrance.

A. Eley: In the review section of the paper the authors

comment on differences in infection rates between stain-

less steel and titanium implants. Does titanium not have

antimicrobial activity?

Authors: In the studies of Arens et al. (1996) and Melcher

et al. (1994), from the AO Research Institute, they saw

that a lower amount of bacteria was required to cause in-

fection with titanium implants compared to stainless steel

implants, which we believe was probably due to the ex-

treme difference in microtopography of the surfaces of

the two materials. As the reviewer mentions, studies have

shown that titanium dioxide in the presence of sunlight

or UV light is toxic to micro-organisms in contact with

the surface (Industrial Research Ltd., www.irl.cri.nz/mat-

tech-group/project_area_profiles/antimicrobial-

surfaces.html). However, all orthopaedic implants are

sterilised before use, therefore infections do not come from

the implants. To the authors’ knowledge, titanium has no

antimicrobial activity within a body.


