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INTRODUCTION 
·, 

A. Statement of the Problem. Staphylococcus aureus adherence 

to.collagen is thought to be essential in the establishment of 

deep ti.ssue infections including osteomyelitis and septic 

arthritis (96). A better understanoing of this S. aureus

ligand interaction is necessary to _determine if this 

interaction is a major virulence factor in the development of 

such conditions. If collagen binding by S. aureus is related 

to virulence, the production of antisera to the collagen 

receptor on S. aureus could lead to the development of 

antibody preparations which would be able to block 

colonization and thereby reduce the incidence or spread of 

infection. With an increasing number of organisms becoming 

resistant to antibiotics, passive immunization could become a 

much more common practice. This study, the ref ore, was 

initiated to determine the nature of collagen binding proteins 

in selected S. aureus strains, to investigate the relatedness 

of such proteins, to investigate the possibility that antibody 

to such proteins could be used to pr·event B. aureus adherence 

to collagen in vitro, and finally, to address the possibility 

that this antibody preparation could be used to treat 

staphylococcal infections in an animal model. 

1 
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B. Review of Related Literature. ·Adherence is an important 

step in· the localization and pathogenesis of an infecting 

organism (5, 97). Tissue growth and injury expose_ ligands 

which might be necessary for bacterial adhesion (33). These 

ligands include fibronectin (22, 58, 99,102), fibrinogen (36, 

101), elastin (73), laminin (52), collagen· (13, 39, 40, 95.), 

and bone sialoprotein (BSP) (84, 85). For example, the 

predominant causative agent of osteomyelitis (104), as well as 

a major cause of endocarditis (32, 100) and septic arthritis 

(9), is Staphylococcus aureus, a gram positive, coagulase 

positive bacterium. · S. aureus has been reported to be 

responsible for 60-90% of cases of osteomyelitis (104) ·. 

Adherence to exposed ligands on the bone, such as collagen and 

BSP, has been proposed to be the necessary step in the 

pathogenesis of osteomyelitis and is thought to mediate 

bacterial colonization of this tissue (76, 84). 

Protein adhesins on the surface of pathogens are thought 

to be responsible for the recognition of the target ligand by 

the organism. These adhesins may also initiate invasion by 

the pathogen either by themselves or by acti.vating a cascade 

of secondary molecules (41) . Adhesins can also influence host 

defense systems, and they may even be toxins (41). Much work 

today focuses .on the i~olation. and characterization of 

adhesins on all types of pathogenic bacteria, including S. 

aureus. 



Osteomyelitis. 
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Osteomyelitis is marked by local pain and 

tenderness, fever, malaise, and anorexia (79). The disease 

usually affects the metaphysis of long bone since the 

vasculature at th~Ls sit•e· lacks. phagocyti~ cells and blood flow 

here is slow (107). The'sluggish:blood flow results from a 

network of small-diameter ,capillaries near the epiphyseal 

growth pl_ate which fold back on themselves to form sharp loops 

(105, 106). This extensive capillary network is necessary 

since bone has a high rate of synthesis and resorption (106), 
' ' 

but the slower blood flow increases the exposure time of the 

bacteria to the bone components where organisms in the 
I 

bloodstream can become established (37) . The result is 

inflammation (phlebitis) and avascular necrosis (107). The 

various pathological .conditions that result depend on the size 

of the plugged vessel, the location of the plug, the 

capabilities for. development of alternative circulation,. as 

well as the characteristics of the lodged organism (109). 

The most common form of osteomyelitis, acute hematogenous 

osteomyelitis, occurs when bacteria reach the bone by the 

bloodstream (106). Most cases of acute hematogenous 

osteomyelitis occur in children (85%) where rapidly growing· 

bone is usually involved (106). Infection can als.o occur 

secondary to a contiguous focus of infection or by direct 

inoculation from trauma or surgery (68,107). In these cases, 

bacteria may find fragments of dead tissue and bone no longer 

protected by normal, intact eukaryotic membranes and 
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consequently more susceptible to colonization (34) . In 15-30% 

of cases of ost.eomyelitis, the initial acute episode develops 

into the chronic form of the disease characterized by dead 

bone (sequestra) and bone proliferation (45). Therapeutic 

considerations · in these instances include antibiotics, 

surgical debridement of the bone, and amputation (10?). 

Bone remodeling is a·continuous process in the body; bone 

is replaced as it beqomes aged .and brittle and the shape of 

the skeleton is subtly altered in response to d~mands placed 

on it (2). Bone.remodeling is .the result of an interplay of 

two cell types: oste·oclasts, which secrete acids and enzymes 

that dissolve the hard matrix o·f bone by creating small 

channels, and osteoblasts, which fill the channels with 

deposits of new bpne matrix leaving only small openings for 

invading capillaries (2). As a result, bone is composed of 

tightly packed Haversian systems consisting of layers of bone 

embedded with osteocytes and surrounding a central canal 

containing the invading capillary ( 2) . Osteoclasts and 

osteoblasts are also active during bone repair, and exposed 

collagen fibers have been reported in bone matrix undergoing 

resorption ·(6). These fibers could be potential targets for 

S. aureus during bone colonization. Furthermore, endotheiial 

gaps are present in the extending tips of growing metaphyseal 

vessels, and these gaps may be a site of bacterial deposition. 

in the epiphyseal growth plate of long bones which could 

initiate staphylococcal osteomyelitis (67). 



Endocarditis. 
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S. aureus is responsible for 20-30% of all 

cases of infectious ertdocarditis (32) . Earlier work has 

suggested that the affinity of S. aureus for vascular 

endothelium is mediated by direct bacterial adhesion to the 

endothelial cells (100). One possible ligand for endothelial 

c9lonization by S. aureus is fibronectin. Fibronectin is 

present on endothelial cell surfaces and is exposed following 

endothelial damage (48, 103) . Fibronectin-binding proteins of 

210, 197, and 60 kDa from S. aureus have been identified (22, 

27). The 210 kDa fibronectin receptor was later isolated, 

characterized, and sequenced (27," 60, 92) . This protein 

resembles other cell-wall-associated proteins on gram-positive 

bacteria in that. it contains a membrane anc_horing C-termin,us, 

a praline-rich repeat~ng unit, and a long N-terminal signal 

sequence (92). The region involved in fibronectin binding is 

composed of a 38 amino acid uriit which is repeated three times 

and partially a fourth time (Dl-D4) (92) . The binding 

determinant is localized within residues 21-33 of the D3 unit 

(60). Flanking amino acids are thought to be essential for 

conformational stability required for fibronectin binding 

( 60) . 

A number of studies have- indicated that f ibronectin 

binding is important in the initiation of S. aureus 

endocarditis (3). · Early studies showed that S. aureus bound 

readily to endothelial cells and fibronectin-coated surfaces 

in vitro, and that this binding was not dependent on 
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staphylococcal protein A, teichoic acids, or capsule · ( 100, 

103) . Studies in vivo often employed animal models ·in which 

indwelling catheters were used to promote endocardial lesions 

which could be infected by subsequent local or intravenous 

bacterial challenge ( 3) . Kuypers and Proctor later used 

transposon mutagenesis to create a low-fibronectin-binding 

mutant which bound about 30-fold less fibronectin than the 

parent. This mutant was used to challenge catheterized rats 

(48). They reported 250-fold fewer low-binding mutants were 

recovered from damaged heart valves compared with the parental 

strain (48). 

Septic arthritis. 

approximately 60% 

arthritis (8). 

S. aureus is the causative agent in 

of the cases of nongonococcal septic 

The disease usually arises from the 

hematogenous spread of the organism to the site (9), and 

previously damageq joints are highly susceptible (9). 

Synovial tissue has a rich blood supply allowing frequent 

passage of bacteria through the joints (9), and interactions 

with extracellular matrix proteins such as collagen and BSP 

may facilitate colonization (7, 9). The disease is 

characterized by. synovial inflammation fallowed by rapid 

destruction. of bone and cartilage (7, 8). Collagen binding 

has been demonstrated to play a major role in the.pathogenesis 

of S. aureus septic arthritis. Mutant strains possessing an 

inactive copy of the collagen adhesin gene failed to express 
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a collagen adhesin .~nd were found to adhere significantly less 

to bovine nasal cartilage slices and 125 ! :-- collagen in vitro 

than wild-type strains (75). 

Extracellula~ Matrix Proteins in Bone.· The extracellular 

organic matrix of.the bone is composed primarily of type I 

collagen, which represents approximately 90% of its mass (25) . 

Type I collagen is also found in the skin,_ placental 

membra~es, tendons, and dentin (63, 97). Seve;-al other 

noncollagenous components are found in bone tissue·, ·_ including 

osteocalcin, osteonectin, osteopontin, and bone sialoprotein 
\ 

(BSP) (24, 25, 26, 35, 84). These proteins may play a role in 

secretion, as.sembly, maturation, mineralization, and 

maintenance of the bone collagen matrix (24). 

Binding studies have implicated two predominant bone 

proteins, collagen and bone sialoprotein (BSP), as the most 

probable ligands for S. aureus binding in osteomyelitis (13, 

38, 39, 84, 85, 95). Collagen is the single most abundant 

animal protein, and at least thirteen types of collagen have 

been identified in human tissues (10). Types I and. II, the 

bone collagens, as well as types III, V, and XI, are 

categorized as banded, fiber-forming collagens (Class 1) which 

exhibit lengthy, uninterrupted collagenous domains which are 

first synthesized as procollagen precursors in the rough 

endoplasmic reticulum of fibroblasts, odontoblasts, and 

osteoblasts (10, 50)~ After being transported to the Golgi, 
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the pre-procollagen Chains coil into a triple helical 

procollagen molecule (50). After Golgf secretory granules 

release the proc?llagen molecules by exocytosis at the cell. 

surface, the nonheliqal ends of the procollagen molecule are 

trimmed ·off, leaving a triple helical structure of collagen 

molecules that crosslink and assemble into fibers (50, 66). 

Glycine, praline, arid hydroxyproline residues compose 

approximately 10% of the collagen molecule (66) . The collagen 

peptide also contains the sequence Arg-Gly-Asp (RGD) (20), 

which has. been identified as the cell attachment site of many 

other extracellular matrix proteins including fibronectin and 

fibrinogen (82) and may be an_important recognition system for 

cell surface signaling (83). 

Binding of collagen by S. aureus is rapid, reversible, 

and saturable ( 95) . Of 19 blood culture isolates of S. aureus 

taken from patients with osteomyelitis, 11 (58%) were found to 

bind collagen ( 3 8) . S. aureus isolates obtained from pa~ients 

with bacteremia associated with deep tissue infections, such 

as osteomyeli tis, endocardi tis, and septic arthritis, were 

reported to bind collagen more often than strains obtained 

from patients with bacteremia alone (38). 

BSP is a 75 kDa sialic acid-rich protein restricted to 

the bone and dentin (11, 26). It contains 40-50% carbohydrate 

and 13-14% sialic acid (23). From a cDNA clone, the primary 

structure of BSP has been determined and been found to consist 

of numerous highly acidic residues (23). BSP also contains 
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the· RGD sequence, which may be necessary for recognition of 

BSP by cell surfa~e receptors and serve as the cell attachment 

site for this ligand (71). Synthetic peptides containing-an 

RGD sequence .inhibited attachment of human osteosarcoma and 

rat fibroblastoid cells (85). 

Binding to BSP by S. aureus is rapid, saturable, and 

reversible (84). S. aureus isolates taken from the blood of 

patients with osteomyelitis show significantly more binding to 

BSP than isolates taken from patients with other type~ of 

staphylococcal infections. ( 84, . S-5) . 

Collagen binding by S. aureus. Numerous studies have 

addressed the ability of S. aureus to bind to collagen. 

Switalski et al. 1(98) isolated and purified a protein of 

approximately 135 kDa from s . .' aureus Cowan 1 that reacted with 

antibodies raised against a collagen-binding strain. In 

addition, ·antibodies raised against this 135 kDa , protein 

inhibited binding of 125I-type II collagen by the organism . 

. similar immunologi~ally related prot~ins were found on other 

collagen-binding strains' but not on non-binding -strains. The 

gene encoding this 1-35 k_Da collagen adhesin, cna, was later 

cloned and sequenced, and a model for the collagen adhesin was 

postulated (77). A short signal sequence (S) is followed by 

a large, 1.6 kb nonrepetitive region (A) which is conserved 

among - clinical S. aureus isolates that bind to type II 

collagen. Three 187 amino acid_repeat motifs (Bl, B2, and B3) 
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follow, which are in turn followed by a lysine and praline

rich cell wall spanning region (W), a hydrophobic membrane 

spanning region (M), and a positively charged carboxy terminus 

(C) • 

S. aureus isolates from patients with septic arthritis 

and osteomyelitis have been shown to express the collagen 

adhesin in a 135 or 110 kDa form (96). Both of these proteins 

adhere to collagen type II and cartilage. Antibodies specific 

for the 135 kDa protein of the strain· Cowan 1 blocked 

adherence of these S. aureus isolates to collagen and 

cartilage in vitro. The cna genes were analyzed in these 

isolates to determine the basis for the expression of collagen 

receptors in two different forms. These genes were found to 

contain either two or three copies of the 187 amino acid 

repeat motif, resulting in the difference in size (96). Mo~e 

recently, using deletion mutagenesis in combination with 

Western blot analysis, Patti et al. (76) have localized the 

collagen binding domain (CBD) to a 168 amino acid long segment 

within the N-terminal, conserved A domain of the collagen 

adhesin. Short truncations of the CBD resulted in a loss of 

collagen-binding activity; therefore the sequences flanking 

the CBD are thought to be necessary for maintenance of proper 

conformation of the CBD for collagen binding (76) . 

Furthermore, Scat chard analysis. revealed the presence of eight 

CBD binding sites on a type II collagen monomer (76), two of. 

which had very high affinity for the CBD. This finding 
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contradicts earlier studies indicating that the adhesin 

recognizes structures common to different types of collagens 

( 95) . 

In addition to ligand-specific receptors, S. aureus have 

been shown to possess broadly specific surface proteins 

capable of binding to several extracellular matrix proteins 

(59). A 72 kDa protein from S. aureus strain FDA574 was found 

to bind several ligands including 6ollagen,· BSP, fibronectin, 

fibrinogen, vitronectin, · and thrombospondin (59) . 

Furthermore, the expression of this protein appears to be 

enhanced by high osmolarity of the growth medium (59). 

Several animal models have been described which permit 

studie_s of the pathogenesis of staphylococcal bone infections. 

· Norden · ( 69) injected a sclerosing agent, sodium morrhuate, 

followed by S. _aureus into the intramedullary canal of rabbits 

to study the histopathology of bone infection. Rissing et al. 

( 81) drilled a: -hole in the· tibia of rats and inoculated s. 

aureus and sodium morrhuate. More recently, Spagnolo et al. 

(94) used fibrin glue instead of a sclerosing agent in order 

to - develop a rat model more similar pathophysi.ologically, 

clinically, and.pathologically to the human disease. Fibrin 

glue does not cause aseptic bone necrosis .and could constitute 

an optimal medium for growth of bacteria (94). A hole was 

drilled in the anterior tibial metaphysis of the rat, and the 

animal was inoculated with S. aureµs and fibrin glue. Their 

radiographic, macroscopic, and histological examinations 
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suggest that this model corresponded to the clinical and 

biological aspects of human osteomyelitis. Greenberg et al. 

(31) testeq the effects of passive immunization in an infant 

rat model using rabbit IgG specific for staphylococcal protein 

A. Protein A, which migrates at 45-57 kDa on SDS-PAGE gels 

depending on its source strain (17), is found in the cell.wall 

of nearly all pathogenic S. aureus ( 31) . · Protein A avidly 

binds to IgG of numerous mammalian species at sites in the Fe 

region of the immunoglobulin. Greenberg et al. proposed that 

protein A specific antibody could block the antiphagocytic 

characteristics · of cell bound protein A by blocking the 

binding .of nonimmune Fe of IgG to S. aureus. At two days of 

age, infant rats received antibody or saline 

intraperitoneally. Twenty-four hours ·1ater the rats were 

challenged subcutaneously with 108 cells of S. aureus. At 

death or at sacrifice four days post challenge, ·the animals 

were observed for mortality, bactere~ia, and metastatic 

infection. Although protein A specific antibody failed to 

protect the animals from infection, passive immunization of 

animals using antiserum directed against potential ligand

binding sites on the organism could be useful in attempts to 

protect animals from tissue colonization by S •. aureus. 

Regulation of Gene Expression. Since pathogens require 

movement between the constant, controlled environment of the 

host and the external environment, many organisms have adapted 
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a global control linking related genes under the control of a 

. single regulator. In this manner, expression of virulence 

determinants, which are of no use outside the host, is halted 

in order to save·cellular energy (56). Environmental signals 

can include temperature, pH, growth phase, osmolarity, and the, 

concentrations of iron, carbon dioxide, nitrogen, oxygen, 

amino ac"ids, and other factors (61). Global regulation has 

been described in a number of species, including the 

Staphylococci (15, 46, 80, 93) Shigella (56), Yersinia (56), 

Bordetella (56, 62, 108), Vibrio (61), and Salmonella (44). 

Studies have shown that during the postexponential phase 

of growth of S. aureus, extracellular proteins are rapidly 

synthesized while the production of proteins essential for 

growth is downregulated (15). This coordinated regulation of 

ge:r;ie expression has since been extensively examined. A global 

regulatory gene for S. aureus, the accessory gene regulator 

( agr) , was first described by Recsei et al. ( 8 0) . Agr 

controls induction of synthesis of many secreted proteins 

including toxic shock syndrome toxin-1 (TSST-1), a-,~-, and 

6-hemolysins, serine protease, as well as repression of 

synthesis of surface proteins including staphylococcal protein 

A and the ligand-binding :proteins (46) . Cheung et al. 

reported the existence of a staphylococcal accessory regulator 

(sar) (15). They found that sar, a locus distinct from agr, 

controls induction of expression of cell wall associated 

proteins and repression of exotoxin and protease activity and 
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propose that saris a counter-regulatory system to agr. Sar

mutants exhibit low level expression of cell-bound prot_eins 

such as the ligand binding proteins and demonstrate a 

significantly decreased ability to bind to fibronectin and 

f ibrinogen ( 15) . Finally, a third global regulatory gene, the 

extracellular protein regulatory element (xpr) , has been 

reported by Smeltzer et al. (93) to be distinct from the agr 

locus but similar in function. They propose that xpr acts in 

conjunction with agr to regulate extracellular protein 

production (93). · 

Animal models have confirmed the importance of these 

three global regulators to the virulence of S. aureus. Using 

a murine arthritis model, 60% of the mice inject~d with a 

wild-type.strain developed arthritis; but of those mice which 

received agr- miitants, only 10% . .displayed arthritis or any 

detectable macroscopic or microscopic inflammation of the 

joints ( 1) . Interestingly, agr- mutants, which exhibit 

elevated expression of most ligand-binding proteins, also 

demonstrated a decreased ability to bind to.bone sialoprotein 

(BSP) (1). This tends to support the argument that adherence 

to BSP is a major virulence factor for osteomyelitis and 

septic arthritis. In a rabbit endocarditis model, sar-

mutants which are ·deficient in surface protein expression 

caused significantly lower rates of induction of endocarditis 

than the wild type strain (17% versus 71%, respectively) (14). 

The mutants were less. adherent to valvular vegetations on 
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catheters inserted into the animals as·well' as cultured h~man 

epithelium. -The binding of the mutants was not completely 

inhibited, however, suggesting that the induction process is 

multifactorial and requires other adhesive interactions. A 

third study used a murine sepsis ~odel to dete~ine that xpr

mutants also exhibit a drastic reduction in the virulence of 

S. aureus ( 93 )- . Four of six mice injected with 1010 cfu of the 

wild type S. aureus died within 24 hours, whereas all of the 

six mice injected with the xpr- mutant survived. These data 
• r 

indicate the importance of exoprotein production to virulence 

and implicate an exoprotein as an important virulence 

factor. 

Other pathogenic organisms and their stress responses 

have been studied. For example, Pseudomonas virulence genes 

coding for factors such as pili, capsule, and exotoxins, are 

regulated by a number of factors, including t~mperature, 

osmolarity, and the concentrations of nitrogen, oxygen, iron, 

and other nutrients (86) . • Also, the expression of •the 

Escherichia coli K-12 pilus-adhesion determinant (papA), like, 

other adherence factors for this -strain, was significantly 

reduced after growth. at 22°c ·compared to 37°C (30) . This 

thermoregulation is thought to operate at the level of papA 

gene transcription (30J. 

Not all virulence factors are .expressed at optimal levels 

at higher temperatures, however. The inv gene from Ye~sinia 

pseudotuberculosis, which codes for a protein necessary for 
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efficient entry of the organism into cells, was expressed at 

lower levels at 37°C than at 28°C (43). Similarly, the toxR 

gene of Vibrio cholerae, which codes for a DNA-binding protein 

that positively controls transcription of the cholera toxin 

genes, was expressed at lower levels. at -37°C than at 22°c (74). 

In these cases, it has been proposed that virulence gene 

expression has been optimized for growth at 37°C and changes 

irt temperature and gene· expression have little impact on the 

normal biology of the organism (61). 

In Legionella, a shift _in·temperatur.e from 30°C to 37 or 

41°C resulted in a significant decrease in the expression of 

flagella (72). Since avirulent strains also exhibit decreased 

expression of flagella at the elevated· temperature, the 

flagella may simply contribute to the·environmental survival 

process at lower temperatures outside the host rather than 

affect the virulence of the organism to any extent. In a 

related study, Mauchline et al. reported that the virulence of 

Legionella pneumophila was significantly reduced when the 

culture temperature was lowered from 37°C to 24°C (55). These 

data parallel a study by Maurelli et al. which showed that 

Shigella spp. grown at 37°C, but not at 30°C, are virulent and 

invade Henle 407 human intestinal epithelial cells in vitro 

and guinea pig corneal epithelium in vivo (57) . These effects 

were reversible, and it has been suggested that these 

modulations result from a sacrifice of virulence factors for 
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factors which may aid in survival in natural environments 

( 55) . 

A study of Borrelia burgdorferi thermoregulation further 

revealed the interplay between virulence factors and survival 

·factors ( 19) . The synthesis of four proteins was increased by 

a shift from 28°C to 37-40°C (heat stress proteins), while the 

amount of one protein was decreased at the elevated 

temperatures, (heat labile protein). These data suggest the 

possible degradation or selective exportation of this heat 

labile protein at the elevated temperatures due to the fact 

that this protein is important in the maintenance of the 

organism at low temperature.s. The heat, labile protein is, 

therefore, sacrificed at elevated temperat~res in favor of 

synthesis of.other possible virulence factors. 

The expression of surface components on· S. aureus is 

environmentally regulated. Growth in liquid media has been 

shown to have a negative effect on the overall expression of 

surface proteins on S. aureus (16) . In addition, 

staphylococci grown on solid surfaces in vitro and in vivo 

produce larger quantities of type 8 capsular polysaccharide 

than those grown in liquid cultures (51). The expression of 

capsular polysaccharide is also affected by the nutritional 

environment of the culture medium. Cells grown in iron

limited medium synthesized the highest concentration of 

polysaccharide in several unrelated species (51, 54). When 

considering the effects of growth medium on adherence 
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reactions, however, it is possible that adsorbed medium 

constituents may affect binding by blocking bacterial 

adhesins. Elliot et al. (21) found that S. aureus grown in 1% 

Casamino Acids-1% yeast extract (CY medium) broth bound 

significantly less to endothelial cells when compared to 

organisms grown in Todd-Hewitt Broth. They identified a 220 

kDa glycoprotein from yeast extract' that bound to the 

staphylococci and reduced their adherence to endothelial cells 

( 21) . 

Similarly, growth temperature has been shown to affect 

cell wall integrity and cell wall precursor synthesis in S. 

aureus. Good and Pattee reported the existence of a class of 

temperature sensitive mutants of S. aureus that become fragile 

and die when grown at 43°C in the absence of osmotic 

stabilizers such as NaCl and sucrose (29) . Since normal 

colony and cell morphology were observed at the restrictive 

temperatur~ in the presence of an osmotiG stabilizer, ~heir 

data suggested that the mutants were deficient in the 

maintenance of the cell wall integrity. A subsequent study 

indicated that differences in cell wall integrity between 

mutant and wild-type cells could be observed by scanning 

electron microscopy (28). Furthermore, many of the mutants 

accumulated concentrations of peptidoglycan precursors, such 

as derivat~ves of uridinediphospho-N-acetylmuramyl

pentapeptide (UDP-·MurNA~) , · in excess of those found in wild

type cells. Specific · defects in the enzymes involved in 
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peptidoglycan synthesis have been.identified and are thought 

to be responsible for these .. mutations (28). 

Numerous stress proteins have been identified· in S. 

aureus as well · (78) . The major heat shock proteins of S. 

aureus have apparent molecular masses of 84, 76, 60, 51, and 

43 kDa, and are also induced by CdC12 , ethanol, and osmotic 

stress ( 78) . Qoionfleh et al. found that antibodies to a 

range of S. aureus and Escherichia coli proteins were present 

in sera from patients with S. aureus endocarditis (78) . These 

proteins were more prominent in heat-shocked ·cells, · and 

several are of the same molecular size as the previously 

described S. aureus heat shock proteins listed above. In 

additio~, a 6-0 kDa protein from E.coli, the Gro-EL protein, 
', 

was named the "common antigen" because it is·immunologically 

related to antigens present in virtually all bacteria (91). 

These data suggest that heat shock proteins from diverse 

organisms are closely related. The heat shock proteins of 

these and other bacteria are highly immunoreactive due to the 

fact that they are especially abundant under stressful 

conditions,: such as the host environment (78). 

Several studies have addressed the effect of 

environmental factors on the expression of the collagen 

receptor on S. aureus. Earlier work in this laboratory 

demonstrated that collagen binding by S. aureus strain #16, an 

osteomyelitis isolate obtained from infected human bone, was 

significantly reduced following growth of the organism at 42°C 



( 18) . 
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Also, Naidu et al. reported . that agglutination of 

collagen-coated latex particles was optimal with agar-gro~n 

staphylococcal cells ( 64) . In ·a related study, collagen 

binding by Streptococcus mutans has been shown to be 

unaffected by growth on solid or liquid media (97). Collagen 

type I is a predominant constituent of dentin, and it is 

thought that adherence of the bacteria to the exposed collagen 

on the tooth surface is a necessary step in the progression of 

dental caries (97). 
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C. Specific Aims of Work . 

..;To analyze surf ace proteins from S. aure.us grown at 3 7°C 

and 42°C using SDS-PAGE to determine the effect of elevated 

temperature on collagen binding. 

-To obtain antibody against these proteins ·after 

extracting them from SDS-PAGE gel slices. 

-To develop Western Blot analyses of surface proteins 

which are specific for collagen-binding by S. aureus. 

-To confirm the nature of collagen binding proteins using 

in vitro binding assays. 

-To determine if antisera to collagen ~inding proteins 

can provide passive immunity in an infant rat model of S. 

aureus infection. 

-To determine ifs. aureus cells grown at 42°C are less 

virulent than cells grown at 37°C. 

Alternative Hypothesis (HA): The collagen binding phenotype 

is temperature sensitive in certain strains of S. aureus. The 

expre.ssion of this phenotype is necessary for pathogenesis of 

these strains in an animal model. Antibodies specific for the 

collagen receptor can protect an animal from colonization. 

Null Hypothesis (H0 ): The collagen binding phenotype is not 

t~mperature sensitive in S. aureus. Antibodies specific for 

the collagen receptor cannot protect· an:· animal from 

colonization. Collagen binding is not a virulence factor. 



MATERIALS AND METHODS 

Bacteria Storage and Cultivation. S. aureus strains #1-#21 

were isolated directly from infected human bone (Jon T. Mader, 

University of Texas Medical Branch, Galveston, TX). S. aureus 

SMH, a prototype bone pathogen, was provided by C.W. Norden 

( Leder le Lab, Pearl River, NY) . S. aureus strains Cowan 1 and 

Wood 46 were obtained from the American Type Culture 

Collection ·(Rockville, MD), and are positive and negative 

controls for both collagen binding and protein A expression, 

respectively. 

Primary cultures were maintained in Brain Heart Infusion 

(BHI) broth at -70°C. Working cultures were maint~ined on BHI 

agar and subcultured monthly. 

Cells used in these experiments were cultivated at 37°C 

or 42°C on BHI agar unless noted otherwise. Growth on agar 

was reported by Cheung and Fischetti to enhance surface 

protein expression (16). All cells were harvested in cold 

saline (0.9% NaCl) by scraping them from the surface of the 

agar with a sterile loop. 

Growth curves were developed from washed cultures of S. 

aureus. Two to three colonies from overnight growth at 37°C 

on BHI agar were used to inoculate 20 ml of BHI broth. Growth 
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curves were then constructed for broth cultures incubated at 

37°C or 42°C by measuring the A5~ of the growing cultures at 30 

minute intervals. The 37°C and 42°C organisms reached upper

log phase at approximately 5 and 6 hours, respectively. 

Turbidimetric standard curves were subsequently established 

using upper-log phase organisms. Strains were cultivated in 

BHI broth for 5-6 hours to upper-log phase; aliquots were then 

transferred to BHI agar to enhance surface protein expression. 

After approximately 12 hours of growth, the cells were 

harvested, washed, and serially diluted based on the 

preestablished growth curve. Aliquots of these dilutions were 

added to BHI agar using the pour-plate method and the cells 

were cultivated for 18 hours at 37°C~ Colonies were counted 

to determine the number of colony forming units (cfu)/ml for 

each dilution. T~is standard curve was used to quantitate 

bacteria for binding studies. 

Ligand~. Soluble calf skin collagen type_I was obtained from 

ICN Biomedicals (Cleveland, OH). Bovine plasma fibronectin 

and fibrinogen were obtained from ~igma Chemical Company _(St. 

Louis, MO). Ligands were solubilized in 0.1 M sodium citrate 

(pH 4.5) by heating at 45°C for 30 minutes. 

Antibodies. Antibodies against whole cells of S. aureus or 

electroeluted proteins were raised in White Leghorn Chickens 

(CAURE approval number 92-05-195). Chicken antibody was 
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utilized because IgG of this species has been reported to bind 

poorly to staphylococcal protein A ( 4) . Each chicken was 

immunized with whole cells grown at 42°C using a modifi~ation 

of the procedure previously described by Cheung and Fischetti 

(16) . Cells used for immunization were washed in cold saline, 

adjusted to an optical density of 1. 0 at 650 nm (lx109 

cfu/ml), and then killed by incubation at 56°C for 1 hour. In 

addition, chickens were immunized with putative collagen

binding .proteins from S. aureus strains following SDS-PAGE 

comparisons of protein banding patterns obtained from cells 

grown at 3 7°C and 42°C. Purified proteins were obtained 

following electroelution from SDS-PAGE gels. Immunization of 

chickens was accomplished by subcutaneous injection at 

multiple sites with 0. 5 ml of the bacterial suspension or 

antigen (0.5 mg/ml) s,uspended d.n an equal volume of Hunter's 

TiterMax adjuvant (CytRx Corporation, Norcross, GA). Serum 

was collected from each chicken before immunization and ~gain 

28 days post injection. Immune IgG was obtain~d ~ram_ the 

antiserum by precipitation with an equal volume of 32% sodium 
.. 

sulfate. Sodium azide (0.05%) was added as a preservative._ 

Polyclonal ·rabbit IgG raised. ag~inst a recombinant form 

of the S. aureus collagen adhesin from strain FDA574 was a 

gift from Dr. Joseph M. Patti (Institute of Biosciences and 

Technology, Texas A&M University, Houston, TX) . This antibody 

is directed against amino acids 151-297 in the adhesin (77). 
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Generation -·and Isolation of Chicken F (ab') 2 • F (ab' ) 2· fragments 

were generated· and isolated using -an. ImmunoPure F (ab') 2 

Preparation Kit (Pierce Chemical Company, Rockford, IL) . 

Briefly, chicken IgG was dialyzed overnight against 2 0 mM 

sodium a.cetate (pH 4.5) and concentrated to 20 mg/ml· using 

Centricon microconcentrators (Amicon, Beverly, ·MA) (30 kDa 

cutoff).· One half ml of this IgG .concentrate was then added 

to 1 ml of a digestion buffer containing 20 mM sodium acetate 

(pH 4. 5) · and 500 µg immobilized pepsin covalently bound to 

beaded agarose (6% crosslinked). The mixture was incubated 

for four. hours at 37°C with shaking, and the solubilized 

F(ab') 2, Fe fragments, and undigested IgG were recovered using 

a serum separator. F(ab') 2 fragments were isolated following 

application of the digest to a Protein A-agarose AffinityPak 

column (2.5 ml). Following application of the digest, the 

column was washed with 6 ml of 0.1% disodium EDTA (pH 8.0) and 

the eluate containing F (ab') 2 was collected. The F (ab') 2 

sample was dialyzed overnight against phosphate-buffered 

saline (PBS) (15mM Na2HPO4, l0mM KH2PO4, 0 .1 M NaCl) (pH 7 .4) 

and concentrated using Centricon microconcentrators. 

Lysostaphin Digestion of S. aureus. Extraction of cell-wall

associated proteins was accomplished using a modification of 

the procedure of Cheung and Fischetti (16) . Cells were 

cultivated as desc~ibed above, harvested, and washed in cold 

saline. The suspensions were then adjusted to lx109 cfu/ml in 
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25 ml of a digestion buffer containing 0.05 M;Tris (pH 7.5) 

and O. 145 M NaCl. In some experiments, cells grown at 3 7°C 

were incubated for 1 hour at room temperature •with type I 

collagen (5 µg/ml) prior to suspension in the digestion 

buffer.· The cells were collected and suspended.in 1.5 ml of 

digestion buffer containing 30% raffinose (450 mg) (Sigma), 

100 mg lysostaphin (Sigma), 10 µg DNase (Sigma), 600 µg 

iodoacetamide (Sigma), and 100 µg phenylmethylsulfonyl 

fluoride (PMSF) (Sigma) . After 1 hour at 37°C, protoplasts 

were removed by centrifugation, and the supernatants were 

collected, dialyzed, and concentrated using Centricon 

microconcentrators (100 kDa cutoff) . Protein concentration 

was-determined ·by the method of Lowry, et al~ (53). 
' . . ' ' ·. 

To further.characterize the collagen receptor, some of 

the cells which had been preincubated with collagen were 

treated with proteolytic enzymes prior to lysostaphin 

digestion. Cells were washed and collected by centrifugation, 

and the resulting pellet was treated with 500 µg of proteinase 

Kin 0.5 ml of 0.05 M Tris (pH 7.5) for 1 hour at 37°C with 

shaking. The reaction was terminated with 30 µl of O .1 M PMSF 

and the cells were pelleted. The pellet was again treated 

with inhibitor for 5 minutes at 4°C, the11: washed 4-5 times 

with cold 0.05 M Tris (pH 7.8). Protein extraction followed 

as previously described. 
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SOS-PAGE and Immunoblot Analysis. Numerous protein extracts 

were analyzed by SDS-PAGE using the procedure described by 

Laemmli (49). Samples were prepared by boiling for 5 minutes 

in an equal volume of a dissolving buffer containing Tris 

(62.5 mM, pH 6.8), 2% 8-mercaptoethanol, 10% glycerol, and 

0.1% bromphenol blue. Samples were added to 3. 5% stacking 

gels using a Hamilton syringe and electrophoresed into the 5-

10% separati~g gel at 20 mA. · The separation current was 30 

mA. Molecular size standards (Bio-Rad Laboratories, Richmond, 

CA) were run in parallel welis. The standards were myosin 

(200 kDa), 8-galactosidase (116 kDa), phosphorylase b (97 

kDa), bovine serum albumin (BSA) (66 kDa_), ovalbumin (45 kDa), 

and bovine carbonic anhydrase (31 kDa). Gels were fixed with 

12% trichloroacetic acid (TCA) for 1 hour before staining with 

Coomassie Blue G-250 stain (0. 05%) . For a quantitative 

assessment of relative protein band intensities, selected gels 

were scanned with a Shimadzu densitometer· (ShimadzU' Scientific 

Instruments, Columbia, MD; model# cs 9qoou). In additioI?,, 

lane_s representing molecular weight standards on each gel were 

scanned in order to determine the molecular w~igp.ts which 

corresponded_to mi~rating material. 

Some gels were electrophoretically_ transferred onto 

nitrocellulose (Bio-Rad). A total protein stain, colloidal 

gold (Bio-Rad), was applied to a number of these blots for 

comparison with corresponding blots which received chicken IgG 

as a.probe for the collagen receptor. A modification of the 
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procedure of Sambrook et . al. (87) was utilized~ The 

nitrocellulose filter was initially washed with 20 mM Tris, 

500 mM NaCl (pH 7. 5) (TBS), then incubated at room temperature 

for 1 hour with 300 µg/ml of a·nonspecific IgG from rabbit 

(Sigma) in TTBS (TBS with 0.2% Tween 20) to block nonspecific 

sites on the blot. The filter was then washed 3 times in TTBS 

and incubated at room temperature for 1-2 hours with chicken 

IgG which had been diluted 1:200 in TTBS. The filter was 

again washed in TTBS and incubated with alkaline phosphatase 

conjuga.ted rabbit anti-chicken IgG (Sigma) (1: 8000 in TTBS) 

for 1 hour at room temperature. The. filter was washed 3 times 

in TTBS fallowed by a wash in TBS. Reactive bands were 

identified by incubation at room temperatur~ with 5-bromo-4-

chloro-3-indolyl phosphate/nitre blue tetrazolium (BCIP/NBT) 

(Moss, Inc., Pasadena, MD) , which were converted in 5-20 

minutes to a dense blue compound by immunolocalized alkaline 

phosphatase. 

Blots were also probed with polyclonal rabbit IgG 

specific for amino acids 151-297 of a recombinant form of the 

S. aureus collagen adhesin (77) . High molecular weight 

proteins (~100 kDa) were electroeluted from SDS-PAGE gels 

following electrophoresis of lysates from various strains of 

S. aureus. The electroeluted proteins were concentrated and 

reappl_ied to_ SDS-PAGE gels,_ electrophoresed, and transferred 

onto nitrocellulose.· The nitrocellulose blots were probed as 

previously described with rabbit anti-collagen adhesin IgG 
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diluted 1:3000 in TTBS. Nonspecific sites were blocked with 

preimmune chicken antiserum (300 µg/ml) prior to rabbit IgG 

application, and reactive bands were identified by alkaline 

ph_osphatase Conjugated goat anti-rabbit IgG (Sigma) (1:4000 in 

TTBS) followed by BCIP/NBT. 

Electro~lution. Followi"ng electrophoresis on SJ:?S-PAGE gels, 

selected S. aureus surface protein~ of high molecular weight 

(:?!100 kDa) were extracted and concentrated '-from the gel by 

electroelution. Appropriate gel slices were cut and 

electroeluted in 48 mM glycine, 6 mM Tris, 0.1% SDS (pH 8.3) 

using a 1750 Electrophoretic Concentrator (ISCO, Lincoln, NE) 

at a constant power of 4 watts for 2-3 hours. Concentrated 

samples were collected for immunization or reapplication to 

SDS-PAGE gels for immunoblot assays. 

Particle Agglutination Assay. A particle agglutination assay 

was employed using a modification of the procedure of Naidu, 

et al. (64). 200 µ1 of a latex bead suspension (bead diameter 

of 0.8 µm) (Sigma) was washed in 0.01 M sodium carbonate (pH 

9. 6) and incubated with type I collagen, fibronectin, or 

fibrinogen (25 µg/50 µl beads) for 18 hours at 4°C. The 

coated beads were washed with PBS-BSA and diluted 1: 40 in PBS. 

25 µl of the particle dilution was added to wells of a glass 

slide containing 25 µl of S. aureus at lxl0w cfu/~1. After 

mixing for three minutes at room temperature, the reactions 
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were scored from Oto 4 on the basis of their agglutination 

characteristics. A score of zero was giveI_1 for no clumping, 

1+ and 2+ for small clumps (slow to develop), and 3+ and 4+ 

for formation - of large clumps, which in the case of 4+ 

developed rapidly (s 1 minute). All testing. was done in 

triplicate. 

mixing the 

reaction. 

Strains were .tested for autoagglutination by 

cell suspeqsion with buffer and· scoring the 

Inhibition of particle agglutination in vitro was 

attempted using chicken IgG suspended in 25 µl saline at 

various concentrations (0-60 µg/25 µl) . Preimmune IgG was 

utilized as a control. The antibody suspensions were added 

with the S. aureus and collagen-coated beads to the glass 

slide for mixing and agglutination scoring .. 

125I-Ligand Binding Assay_. Binding of .. type I collagen, 

f ibrone.ctin, and fibrinogen to S. aureus was determined using 

ligands radioiodinated by the Chloramine T procedure of Hunter 

(42). Labeled ligands were isolated using a PD-10 Sephadex 

G-25M column (Pharmacia, Uppsula, Sweden) that had been 

prewashed with ~BS and PBS-BSA. The specific activity was 

determined by incubating 5 µl (165 ng) of the ligand fraction 

with 100 µl of 2% BSA and 1 ml of 10% TCA at room temperature 

for 30 minutes. After centrifugation, the precipit~te was 

dissolved in 1 ml of 0.1 N NaOH. Triplicate aliquots were 

measured for radioactivity in a Beckman Gamma 5500 gamma 
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counter (Beckman Instruments, Palo Alto, CA) and expressed as 

cpm/ng collagen. Specific activities .of ligand~ labeled in 

this manner were 400-2000 cpm/ng. 

The ligand binding assays were conducted using S. aureus 

which had been cultured overnight on BHI agar at 37°C and 42°C, 

washed in saline, and adjusted to 3x109 cfu/ml in 2 ml PBS. 

The particular radioiodinated ligand (165 ng) was added to 1 

ml of each cell suspension, and nonspecific binding was 

determined in parallel tubes containing 100-fold excess of 

unlabeled ligand. Incubation was carried out at room 

temperature for 45 minutes. Triplicate aliquots were then 

centrifuged and the resulting pellets were measured for 

radioactivity. Specific activity was determined by 

subtraction of nonspecific cpm from the total cpm. 

Inhibition of the binding of u5I-collagen to s. aureus in 

vitro was attempted by incubation of the cells with chicken 

F (ab') 2 fragments at 50 µg/10 9 cells for 1 hour at room 

temperature pri.or to incubation wit.h radioiodinated collagen. 

Normal chicken F(ab') 2 was used as a control, and an initial 

incubation with normal chicken F(ab') 2 was employed prior to 

incubation with immune F(ab') 2 in order to negate the 

nonspecific effects on.collagen binding observed when using 

control-chicken F(ab') 2 preparations_. The cells were washedi 

resuspended in PBS to the appropriate cfu/ml, and the u5I

coilagen binding assay was employed as described above. 
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Loss and Recovery of the Collagen Agglutination _Phenotype. 

Cells of ·S. aureus strain #16 were grown at 37°C ,as previously 

described. Log phase cells were washeq and suspended in 3 ml 

of PBS at approximately lx10 9 cfu/ml. The suspens iori was 

centrifuged and the resulting pellet was resuspended in a 3 ml 

solution of collagen-coated particles (created as previously 

described). Cells and particles were mixed by inversion at 

room temperature. A 1 ml aliquot was removed every 5 minutes, 

and an A540 value· was determined. A decrease in absorbance 

indicated agglutination of the collagen-coated particles. 

After readings were obtained from cells of t~e original 

population (100% parent), log phase cells were adjusted to 

lx10 9 cfu/ml in BHI broth. This suspension was diluted _(1:1) 
'' 

in pre-warmed BHI broth and shifted to 42°C until the culture 

absorbance doubled (approximately 50 minutes). This produced 

a new population of cells equally represented by cells 

produced at 37°C and 42°C. This suspension was again 

centrifuged, the resulting pellet washed, and the. cells were 

tested for agglutination of collagen-coated particles as 

described above. An identical assay was performed following 

a second dilution (1:1) and incubation at 42°C. The result, 

in this case, was a population in which 75% of the cells were 

produced at 42°C. These experiments allowed an approximation 

of the number of cell divisions required for the population to 

lose the collagen binding phenotype. 
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In similar experiments, the number of cell divisions 

required to recover_ the collagen binding phenotype was 

determined. Cells of S. aureus strain #16 were grown at 42°C, 

washed, and adjusted to lx109 cfu/ml as previously described 

(100% parent). Suspensions of cells were diluted (1:1) in 

prewarmed broth and shifted to 3 7°C until the absorbance 

doubled. This procedure was repeated, and following a second 

doubling, about 75% of the population was produced at 37°C. 

The initial population of cells grown at 42°C, along with the 

populations passaged at 37°C, .were_ mixed with collagen-coated 

particles and the tube agglutination assay was repeated under 

the conditions described above. 

Microtiter Capture Assay for the Collagen Receptor. Immune 

chicken IgG (30 µg) was added to Immulon 1 detachable 

microtiter wells (Dynatech Laboratories, Inc., Chantilly, VA) 

after suspension in 200 µl of 0.01 M sodium carbonate (pH 

9. 6) . Preimmune chicken IgG was utilized as a control. After 

an overnight incubation at 4°C, the wells were wa~hed with 

PBS-T (PBS with 0 .1% Tween 80 and 0 .1% BSA) . Additional sites 

on the wells were blocked by a 1 hour incubation of 200 µl of 

1% BSA at room temperature. The wells were washed with PBS-T, 

followed by addition of increasing dilutions of S. aureus cell 

wall extracts (created as described in the section entitled 

Lysostaphin Digestion of S. aureus)· to the wells. Cell wall 

proteins (0 - 37.5 µg) from strain #1~ grown at either 37°C or 
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42°C were suspended in 200 µ1 of PBS-T and added to each well 

for a 1 hour incubation at room temperature. Finally, 

following another PBS-T wash, each well received 50 µl of u5I

collagen containing approximately 50,000 cpm. The collagen 

was incubated in the wells for 2 hours at room temperature. 

Following 5 or more washes with PBS-T, each well was measured 

for radioactivity in a Beckman Gamma 5500 gamma counter. 

Animal Model. An inf ant rat model similar to the one 

d_escribed by Greenberg et al. (31) was used to observe the 

effect of growth temperature on the virulence of S. aureus as 

well as the protective efficacy of the collagen receptor 

antibody-in challenged animals (CAURE approval number 94-02-

098) . · Outbred, pregnant (day 14), pathogen-free Sprague

Dawley rats were obtained from Harlan Sprague Dawley, Inc. 

(Indianapolis, Indiana). Each female was housed in a single 

box and watched carefully for parturition (day·21). 

S. aureus strain #16 was grown on BHI agar at 3 7°C and 

42°C as previously described, harvested and washed in cold, 

pyrogen-free saline. At three days of age, six groups of six 

rats received subcutaneous injections of either 108 , 109 , or 

1010 organisms grown at one of the two t~mperatures. Mortality 

rates were recorded for four days postchallenge to determine 

th~ LD~ for this strain following growth of the organisms at 

37°C or 42°C. LD50 va~ues were determined using the method of 

Kuehne (47) . Surviving rats were sacrificed at four days 
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postchallenge. Their liver and lungs were aseptically 

removed,-weighed, homogenized, and quantitatively cultured on 

BHI agar using the pour-plate method. 

Once ttie appropriate infection levels were asc~rtained 

for strain #16, the protective effect. of _·the collagen receptor 

antibody was determined. Four groups of twelve infant rats 

were used in the experiment. Group A was given 50 . µ1 of 

sterile, pyrogen-free saline intraperitoneally (i.p.) at two 

days of age and 109 S. aure'us strain #16 (grown at 37°C) were 

injected subcutaneously at three days of age. Group B 

received i.p. saline at day two and was injected with the 1010 

S. aureus on day three. Groups C and D were given 100 µg of 

chicken IgG/50 µl saline intraperitoneally instead of saline 

on day two and 109 or 1010 S. aureus, respectively, on day 

three. Mortality rates were recorded at 24 hour intervals for 

four days postchallenge, and the .tissues from surviving rats 

were cultured for S. aureus as previously described. 



RESULTS 

The Effect of Growth Temperature on Collagen Binding by 

Selected S. aureus Strains. During preliminary experiments in 

this laboratory, it was ·found that a particular strain of S. 

aureus, strain #16, lost its ability to bind collagen in vitro 

following growth at 42°C (18). In order to determine if this 

phenomenon was specific for this strain or common to other 

strains of S~ aureus, we screened a number of · S. aureus 

isolates from osteomyeiitic human bone to examine the effect 

of growth temperature on· collagen binding in vitro. The 

particle agglutination assay was initially used to evaluate 

several of these isolates, and selected isolates were then 

subjected to the more quantitative 125I-collagen binding assay. 

In the particle agglutination screening assay, 5 of 7 

osteomyelitic isolates showed significantly reduced ability to 

agglutinate collagen-coated latex beads following growth at 

42°C (p < o. 02, Fisher"' s Exact) (Figure 1) . ' Three of these 

isolates, strains #16, SMH, and #11, completely lost the 

ability to agglutinate collagen-coated beads following growth 

at 42°C. Particle agglutination by strains #15 and #21 was 

unaffected by growth at the elevated temperature, and strains 
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Figure 1. Agglutination of collagen-coated beads by 'S. aureus 
strains grown at 37°C and 42°C. Seven · collagen-binding 
isolates of S. aureus from osteomyelitic human bone were 
assayed for their ability to agglutinate collagen-coated 
particles as described in Materia~s and Methods. Cells of the 
isolates were grown overnight on BHI agar at 37°C (hatched 
bars) or 42°C (solid bars). 
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#5 and #12 demonstrated only partial agglutination following 

growth at 42°C. 

After an initial screening u~ing the particle 

agglutination assay, several strains were evaluated in vitro 

for the ability to bind to 125I-labeled collagen (Table I) . 

Strains #16 and SMH, which exhibited no evidence of collagen 

binding in the particle agglutination assay, were likewise 

greatly diminished in the amount of collagen bound in the 125I

collagen assay following growth at 42°C. Strains #21 and #15, 

which were unaffected by growth temperature with respect to 

their ability to agglutinate collagen-coated latex particles, 

bound comparable amounts of radioiodinated collagen following 

growth at either temperature. Cowan 1, a strain which binds 

collagen and also possesses staphylococcal protein A, 

exhibited a temperatur~-sensitive · ability to bind collagen. -

Wood 46, which lacks protein A, failed to.bind collagen even 

after growth at 3 7°C. 

These da~a demonstrated the diverse effects of growth 

temperature on collagen binding in S. aureus. It seemed 

reasonable that one could utilize this effect of elevated 

temperature to identify collagen-binding proteins on 

temperature sensitive strains of S. aureus. The isolation and 

characterization of a collagen receptor from the S. aureus 

strain Cowan was a significant finding (98), but insufficient 

work has been done with strain comparisons. It seemed 

necessary to determine if other collagen receptors exist in 



TABLE I. Binding of 125I-collagen by selected S. aureus strains. a 

Strain Growth temperature 
Mean ng collagen bound/ 

3x109 bacterial cells± S.D. 

Cowan 31°c 9.2 ± 0.9 
42°c 1.8 ± 1.6 

Wood 31°c 0.2 ± 0.1 

#16 31°c 4.1 ± 2.1 
42°c 0.5 ± 0.2 

#21 31°c 15.6 ± 1.0 
42°c 14.9 ± 0.3 

iSMH 31°c 12.6 ± 0.2 
42°c 8.8 ± 0.9 

#15 31°c 8.1 ± 0.6 
42°c 8.9 ± 0.4 

as. aureus strains were grown overnight on BHI agar at 37°C or 42°C. Cells 
were washed and adjusted to 3x109 cfu/ml in PBS and binding was determined 
using type I collagen radioiodinated by the Chloramine T procedure of 
Hunter (42) . 165 ng of 125I-collagen was added to 1 ml of each cell 
suspension, and nonspecific 1binding was determined in parallel tubes 
containing 100-fold excess of unlabeled collagen. The mixtures were 
incubated at room temperature for 45 minutes. Triplicate aliquots (100 
µl) were centrifuged and the radioactivity in the resulting pellets was 
measured. Specific activity was determined by subtracting nonspecific cpm 
from the total cpm. · 
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other strains in addition to the receptors of 110 and 135 kDa 

previously described. Consequently, strain #16, the strain 

which showed the greatest variation in collagen binding 

following growth at the two temperatures, was chosen for 

further study. Following isolation of a putative· collagen

binding protein from strain #16, collagen receptor-specific 

antibody could. be obtained and used to 1) compare related 

collagen-binding proteins on various S. aureus strains using 

Western Blot assays; and 2) examine the importance of these 

proteins on the virulence of the organism. 

Characterization of the Temperature Sensitive Phenotype in S. 

aureus strain #16. 125!-collagen binding by strain #16 grown 

at 42°C was approximately one-eighth that observed by control 

cells grown at 37°C (one tailed t=2.88, p=0.0447, 6 df). 

Although cells grown at, 39-41°C do demonstrate a decreased 

ability to bind collagen (data not shown), maximum reductions 

were noted when the cells were grown at 42-44°C. 

Temperature was not the only environmental influence on 

the ability of strain #16 to bind radioiodinated collagen in 

vitro. This strain, when grown on BHI agar, was found· to bind 

almost twice as much ,125!-collagen as when gro:wn in liquid BHI 

broth (one tailed t=23.62, p=l.90x10-5
, 6 df) (Figure 2). 

'These results confirm two ea.rlier observations. Cheung and 

Fischetti (16) reported a decreased expression of surface 

proteins on S. aureus following growth in·liquid media. Naidu 



Figure 2. Collagen binding by S. aureus strain #16 grown on 
solid versus liquid media. Bacteria were grown overnight at 
37°C on BHI agar (shaded bar) or broth (solid bar). Cells 
were washed and adjusted to an optical density representing 
3x109 cells/ml in PBS. The two cell populations (agar vs. 
broth) were contrasted in an 125I-collagen binding assay. 
Collagen was radioiodinated as described in Materials and 
Methods. The mean value of ng of collagen bound/3x109 cells 
± S.D. is shown on the y-axis. 
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et al. (64) demonstrated that agglutination of collagen-coated 

latex particles by staphylococcal cells was enhanced following 

growth of the organisms on agar. 

In order to determine ·· if this effect involved other 

binding proteins, the capabilities of strain #16 to bind 

fibronectin and. fibrinogen . f~llowing · growth at. 42°C were 

observed. In a pre1iminary' particle agglutination assay, 

strain #16 rapidly agglutinated (4+ reaction) both fibronectin 

and fibrinogen following growth at either temperature (data 

1 no~ shown) . This was verified by the observation that 125I

labeled fibronectin and fibr1nogen binding by strain #16 was 

not significantly reduced following growth at the elevated 

temperature (Figure 3). Wood, a strain which is unable to 
I 

bind to collagen following growth at either 37°C or 42°C, bound 

to 125I-fibronectin and fibrinogen at comparable levels 

following growth at either temperature. These data fail to 

implicate a temperature effect on a S •· aureus· global 

regulatory element such as agr, sar, or xpr. 

A growth curve for strain #16 was established to 

determine if the elevated temperature had an effect on the 

rate of growth of the organism ( Figure 4) . Two to three 

colonies of S. aureus strain #16 were taken from an overnight 

culture on BHI agar at 37°C and placed in BHI broth so that 

absorbance values could be followed during growth at 37°C and 

42°C. The cells placed at 37°C entered the log phase of growth 

after approximately 90 minutes and reached the upper-log phase 



Figure 3. Ligand binding by -S. aureus strains #16 and Wood 
grown at 37°C and 42°C. Strains were grown overnight· on BHI 
agar at 37°C (shaded bar) and 42°C (solid bar). Cells were 
washed and adjusted to an optical density representing 3x109 

cells/ml in PBS. The two cell populations for each strain 
were contrasted in an 125!-ligand binding assay involving A) 
collagen, B) fibronectin, and C) fibrinogen. Ligands were 
radibiodinated as described in Materials and Methods. The 
mean·value of ng of ligand bound/3x10 9 bacterial cells± S.D. 
for each strain is shown on the y-axis. 
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Figure 4. ·· Growth curves for S. aureus strain #16 grown at 
37°C or 42°C. Isolated colonies from BHI agar were used to 
inoculate 20 ml of BHI broth. The cells were then incubated 
at 37°C or 42°C. At 30 minute intervals, aliquots of the 
growing culture were removed and the ~~ values were 
determined. 
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within 5 hours. 
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The cells placed at 42°C required 

approximately 60 additional minutes to become actively 

growing. This time presumably was necessary for the inoculum 

to adapt to the elevated temperature. Once actively growing, 

however, cells placed at 42°C seemed to grow at a somewhat 

faster rate than those cells incubated at 37°C. They reached 

the upper-log phase after approximately 6 hours of growth. 

Upper-log phase S. aureus strain #16 from broth culture 

were used to inoculate BHI agar in order to establish a 

standard curve for enumeration of organisms prior to 

exp.e+imentation. Organisms grown on solid media were used for 

study because growth on solid media has been s~own to enhance 

surface protein expressio.n (16) and cqllagen bind~ng (see 

Figure 2) . Following 12 hours of growth on BHI agar at either 

37°C or 42°C, cells were harvested and washed, and dilutions 

were made representing A540 values ranging from O .1 to 1. 0. 

Aliquots of these dilutions were used to i'noculate BHI agar 

and, following overnight growth at 37°C, colony forming units 

(cfu)/ml could be determined for each dilution. After 

plotting log cfu/ml versus the respective A540 values, the 

points tended to cluster along one central axis regardless of 

growth temperature (Figure 5). This indicated that in this 

critical range of absorbance values,. the actual numbers of cfu 

.of 31.0 c and 42°C grown cells are essentially the same. 

The temperature effect on collagen binding was, readily 

reversed. Cells of strain #16 grown at 37°C agglutinated 



Figure 5. Standard curves for S. aureus strain #16 grown at 
37°C and 42°C. Upper log phase organisms from broth culture 
were used to inoculate BHI agar plates. After approximately 
12 hours of growth at 37°C or 42°C, the organisms were washed, 
ser~ally diluted, and A5~ values were determined. Aliquots of 
these dilutions were used to inoculate fresh BHI agar for 
determination of cfu/ml following overnight growth at 37°C. 
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collagen-coated ·particles as demonstrated by a decrease in 

absorbance at A540 when mixed (Table II) . Agglutination of -the 

particles by cells initially grown at 37°C was lo~t following 

two cell divisions at 42°C. Conversely, nonagglutinating 

colonies of cells grown at 42°C regained the collagen-binding 

phenotype after two cell divisions at 37°C. 

Identification of Putative Collagen-Binding Proteins on S. 

aureus strain #16. In an effort to identify the protein 

responsible for collagen binding in S. aureus strain #16, we 

extracted cell surface proteins. from this strain grown at 37°C -

and 42°C and compared them following SDS-PAGE. Surface 

proteins were also obtained fro~ 37°C grown cells which were 

incubated with.collagen prior to lysostaphin digestion. This 

technique was adopted in an effort to reduc.e the extent of 

digestion of the receptor by either the· lysostaphin or cell

associated proteases which are present during the extraction 

process. Since the receptor for collagen has a high glycine 

content (77) and lysostaphin is an endopeptidase with· gly-gly 

specificity, the receptor itself could be susceptible to 

lysostaphin hydrolysis. In additi9n, numerous staphylococcal 

peptidases are known and could reduce the- yield of the 

receptor during protoplast formation. Therefore, collagen was 

added prior to lysostaphin digestion under the assumption that 
. r 

a receptor complexed with its target molecule, especially one 
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TABLE II. Agglutination of collagen.;.coated particles by S. aureus strain #16. a 

Growth Conditions 

31°c 
42°c 
37°C, then shift to 42°C for 2 generations of growthb 
42°C, then shift to 37°C for 2 generations of growthc 

% of control absorbance (T n} at: 

·To 5min 10 min 15 min 

100 62 48 42 
100 95 86 77 
100 96 87 80 
100 76 51 36 

a 1 x 109 cfu/ml were suspended with collagen-coated particles and mixed by inversion at room temperature. 
Aliquots were removed every 5 minutes and A540 values were spectrophotometrically determined. 
Decreased absorbance was indicative of agglutination of the particles by the organisms. 
bLog phase cells growing at 37°C were adjusted to 1 x 109 cfu/ml in BHI broth. This suspension was 
diluted (1:1) with prewarmed broth and shifted to 42°C until the absorbance doubled. Cells were then 
removed for testing and the suspension was again diluted (1: 1) and placed at 42°C. After another doubling 
(appro~imately 50 minutes), cells were again removed for agglutination testing, and the results shown are 
those obtained after this second doubling at 42°C. No significant differences were observed after the first 
doubling at the higher growth temperature. 
ccells were initially grown at 42°C, diluted, and incubated for two generations at 37°C as described above. 
No significant differences were observed following one generation of growth at 37°C. 
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as· large as type I collagen, would be less susceptible to 

peptidase activity. 

As shown in Figure 6, additional protein bands are 

evident following Coomassie staining of gels· prepared with 

collagen present ( lanes 1 and 2) . Furthermore·, lane 3, which 

contains an identical extract from 42°C grown cells, revealed 

greatly diminished amounts of several. bands which were 

protected by collagen. The most obvious of these bands are 

material migrating on SDS-PAGE gels at positions corresponding 

to 117, 135, and 158 kDa (see lane 2). 

A similar e~periment was employed to establish that this 

protected material was protein. Again utilizing populat~ons 

of cells of S. aureus strain #16 grown at 37°C or 42°C, as well 

as a population of cells grown at 37°C and preincubated with 

collagen, the surface proteins were extracted by lysostaphin 

digestion. In this instance, however,· the cells were treated 

with proteinase K prior to digestion. The rationale held that 

following SDS-PAGE, the undigested, stained bands of material 

would be proteins which had been protected by collagen or non

protein material. 

As shown in Figure 7, material migrating at a position 

corresponding to li 7 kDa was protected by collagen from 

proteinase K digestion ( lane 3) . Tpe band of material 

migrating at 1·03 kDa was undoubtedly a ·component of collagen 

since this band was also. evident in lane 1,' which contained 

collagen treated with proteinase K and lysostaphin in the 



Figure 6. SDS-PAGE of cell wall extracts from S. aureus 
strain #16 with and without collagen preincubation. Bacteria 
were cultivated on BHI agar overnight at 37°C and 42°C. Cells 
were harvested and washed, and lysostaphin digestion followed 
as described in Materials and Methods. Extracts were 
separated on a 7. 5% acrylamide gel and_ stained with O. 05% 
Coomassie Blue G-250. Approximately 38 µg of total protein 
was applied to each well. Lane 1, strain #16 grown at 37°C; 
lane 2, strain #16 grown at 37°C, but incubated with collagen 
(5 µg/ml) prior to lysostaphin digestion; lane 3, strain #16 
grown at 42°C; lane 4, high molecular weight protein 
standards. 



50 

1 2 3 4 

-116 
-97 

-66 

-45 



Figure 7. SDS-PAGE of cell wall extracts from S. aureus 
strain #16 following proteinase K digestion. Washed cells 
were treated with 500 µg of Proteinase K for 1 hour at 37°C. 
The reaction was terminated with 30 µl of 0.1 M PMSF. The 
cells were washed and cell wall extracts were obtained as 
previously described. Extracts were separated on a 10% 
acrylamide gel and stained with 0.05% Coomassie Blue G-250. 
Approximately 38 µg of total protein was applied to each well. 
Lane 1, calf skin collagen type I control; lane 2, strain #16 
grown at 37°C; lane 3, strain #16 grown at 37°C, but incubated 
with collagen (5 µg/ml) prior to proteinase treatment and 
lysostaphin digestion; lane 4, strain #16 grown at 42°C. 
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~lso, material migrating at 81 kDa was 

evident. This material was present in extracts from 37°C 

grown cells preincubated with and protected by collagen as 

well as unprotected cells (lanes 3 and 2, respectively) . 

Since the 81 kDa material was more prominent ·in the extract 

from unprotected cells where the 117 kDa protein was absent 

(lane 2), it seems reasonable that this band is 'a product 

resulting from the degradation of the 117 kDa protein. Lane 

4, which represents extracted material from 42°C grown cells, 

exhibited no prominent bands in the region of interest. 

Further observations suggest that the collagen binding 

protein from strain #16 migrates on SDS-PAGE gels at an 

apparent kDa of 117. Cells of S. aureus strain 16 were grown 

at 37°C and 42°C and extracted with lysostaphin as previously 

described. Lysates were then subjected to SDS-PAGE and 

blotted onto nitrocellulose. Total protein staining with 

colloidal gold revealed an intense band at 117 kDa in lysates 

from cells grown at 37°C that was barely visible in extracts 

containing equal amounts of protein from cells grown at 42°C 
\. 

( Figure 8, laries 2 and 3) . Cells grown at temperatures 

approaching 42°C (e.g. 39-41°C) show only slightly diminished 

amounts of this protein (data not shown). 

The Serological Relationship of Collagen~Binding Proteins from 
( 

s. aureus Strains. Following electroelution of the putative 

117 kDa collag.en-binding protein of strain #16 from SDS-PAGE 



Figure 8. Immunoblot analysis of cell wall extracts from S. 
aureus #16. Using the procedures outlined in Materials and 
Methods, extracts were obtained and separated on a 5% 
acrylamide gel. Approximately 20 µg of total protein was 
applied to each well. Proteins were blotted onto 
nitrocellulose and stained with colaoidal gold (lanes 1-3) or 
probed with chicken IgG specific for the proposed 117 k.Da 
collagen receptor from strain #16 grown at 37°C (lanes 4 and 
5) , as outlined in Materials and Methods. Lane 1, high 
molecular weight standards; lanes 2 and 4, strain #16 grown at 
37°C; lanes 3 and 5, strain #16 grown at 42°C. 
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gels, antiserum against this protein was raised in White 

Leghorn Chickens. For comparison, antiserum was also created 

against whole cells of 42°C gro~n, heat-killed s. aureus. 

Immune IgG was later obtained by sodium sulfate precipitation. 

These . preparations were subsequently used in Western Blot 

assays to screer1; cell wal-1 lysates from a number of different 

strains of S. aureus for related collagen-binding proteins. 

The effect of temperature on the expression of these proteins, 

especially in those strains previously exhibiting a 

temperature sensitive phenotype,. wa.s also observed. 

S. aureus cell wall proteins· were . elect:rophoretically 

transferred from SDS-PAGE gels onto nitrocellulose. Following 

· inctiba,tion of the filter with a nonspec~fic ·rgG,. specific 

reactive bands were labelled following incubation with diluted 

chicken IgG p'reparations. Alkaline phosphatase conjugated 

rabbit anti-chicken IgG was subsequently used to identify 

bound chicken antibodies. Reactive bands were observed 

following incubation of the filter with 5-bromo-4-chloro-3-

indolyl phosphate/nitre blue tetrazolium (BCIP-NBT). 

When probed with chicken IgG specific for the 117 kDa 

protein from strain #16 grown at 37°C, an immunoreactive 

protein was observed in the 37°C lysate, but not the 42°C 

lysate (Figure 8, lanes 4 and 5). Antiserum raised against 

the 42°C grown cells did not react with this protein (data not 

shown) . 
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In an effort to obtain a more qua_ntitative representation 

of the differences in the amounts of collagen-binding proteins 

made at the two growth temperatures, densitometric scans of 

Coomassie-stained SDS-PAGE gels were obtained (Figure 9) . 

Strain #16 exhibited an intensely staining band corresponding 

to · a position on the gel representing 117 kDa following 

electrophoresis of extracts from cells grown at 37°C [Figure 

9 (A) ] • No significant increase in intensity above the 

baseline is noted in the lane representing electrophoresed 

extracts from strain #16 cells grown at 42°C [Figure (9B)]. 

The extent to which these measurements reflect differences in 

band intensities was confirmed to some extent by scanning gels 

containing extracts from stra'il} #21. This strain, as shown in 

other assays, produces collagen-binding.proteins equally well 

at both 3 7°C- and 42°C ( see Figure 1 and Table I) . This was 

reflected by the peak sizes at 135 kDa observed for scanned 

gels [Fig~re 9(C) and 9(D)J. 

To determine if the chicken IgG, specific for the 117 kDa 

protein of strain #16, reacts with collagen binding proteins 

produced by other strains of S. aureus ,. cell wall extracts 

from strains #15, SMH, #21, Cowan 1, and .wood 46 were 

examined. S. aureus strains #15 and #21 are 9~teo~yelitic 

isolates which bind collagen following growth at either 37°C 

or 42°C, while SMH is a temperature sensitive str<?-in (see 

Figure 1 and Table I). Cowan 1 is a positive control strain 

which binds collagen whereas Wood 46 does.not. Probes of 



Figure 9. Typical gel scan from a 5% Coomassie stained gel. 
Cell wall extracts from S. _aureus strains #16 and #21 were 
obtained by lysostaphin digestion as described in Materials 
and Methods. Following SDS-PAGE and Coomassie staining, the 
gel was scanned with a Shimadzu densitometer for an assessment 
of protein band intensities. A) strain #16 grown at 37°C; B) 
strain #16 grown at 42°C; C) strain #21 grown at 37°C; strain 
#21 grown at 42°C. 
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nitrocellulose blots of these el·ectrophoresed lysate·s revealed 

immunoreactive bands at 110 kDa for strain #15 [Figure l0(A), 

lanes 1 and 2] and 135 kDa for the strains SMH, #21, and Cowan 

[Figure l0(A), lanes 3 and 4 and Figure l0(B), lanes 1-3]. A 

135 kDa protein has been identified and characterized by 

Switalski et al. (77, 96, 98) to be the collagen receptor for 

Cowan. The antiserum did not react with any surface proteins 

extracted from Wood 46 [Figure 10 (B) , lane 4] . These findings 

confirmed the collagen-binding characteristics of these 

strains observed earlier using the particle agglutination 

assay. 

Cell wall extracts from selected S. aureus strains were 

probed with rabbit IgG specific for a recombinant form of a 

previously characterized collagen receptor (provided by Dr. 

Joseph Patti) in order to obtain further evidence that these 

immunoreactive proteins are indeed collagen receptors. Rabbit 

IgG has a high nonspecific association with protein A 

(approximately 60 kDa) from S. aureus cell lysates (data not 

shown) . In addition, the collage~-binding proteins of 

interest were previously shown to be >100 kDa. To reduce the 

likelihood of nonspecific interactions of rabbit IgG and to 

focus on the significant regions of electrophoretic migration, 

high molecular weight proteins (;::·100 kDa) were electroeluted 

from SDS-PAGE gels following electrophoresis of cell wall 

extracts from strains. #16 and #21. The electroeluted proteins 

were concentrated and reapplied to SDS-PAGE gels. Following 



Figure 10. Strain comparison using an immunoblot analysis of 
cell wall extracts. Using the procedures outlined in 
Materials and Methods, extracts were obtained and separated on 
5% SDS-PAGE gels. The gels were blotted onto nitrocellulose 
and analyzed using chicken IgG specific for the 11 7 .kDa 
collagen receptor from strain #16. Approximately 20 µg' of 
total protein was applied to each well. A) Lane 1, strain #15 
grown at 37°C; lane 2, strain #15 grown at 42°C; lane 3, SMH 
strain grown at 37°C; lane 4, SMH strain grown at 42°C. B) 
Lane 1, strain #21 grown at 37°C; lane 2, strain #~1 grown at 
42°C; lane 3, Cowan 1 strain; lane 4, Wood 46 strain. 
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electrophoresis, the proteins were blotted onto nitrocellulose 
'l 

and probed with rabbit IgG. Reactive bands were identified by 

alkaline phosphatase conjugated goat anti-rabbit IgG followed 

by BCIP/NBT. The.results are shown in Figure 11. The 117 kDa 
' ' 

protein from s'train #16 grown at 37°C was immunoreactive (lane 

1) with collagen-receptor-specific rabbit IgG, while.cells of 

this strain grown at 42°C lacked any proteins of c:100 kDa that 

reacted with this antibody (lane 2). As shown previously, 

strain #21 possessed an immunoreactive 135 kDa protein 

following growth at either temperature (lanes 3 and 4). 

Specificity of the Chicken Immune IgG for the Collagen 

Receptor in vitro. A microtiter capture assay was implemented 

to furth~r demonstrate the specificity o~ the chicken immune 

IgG for its target, which is presumably absent in lysates 

taken from cells grown at 42°C. Preimmune chicken IgG or 

immune chicken IgG _directed against the 117 kDa- collagen 

receptor of S. aureus strain #16 was used to coat the surfaces 

of det~chable microtiter wells. After blocking nonspecific 

sites, cell wall lysates from strain #16 grown at 37°C and 42°C 

were added to the·wells. Bound receptor in each well was 

detected by addition of 125 I -collagen. Immune IgG 

preferentially captured more receptor in the lysate from the 

37°C grown cells than the preimmune IgG as indicated by the 

amount of subsequent radioiodinated collagen captured by the 

immune IgG-receptor complex (Figure 12) . Furthermore, immune 



Figure 11. Immunoblot analysis of S. aureus·strains #16 and 
#21 probed with antibody directed_against a recombinant form 
of the collagen receptor. Using the procedures qutlined in 
Ma~erials ·and M~thods, S. aureus strains #16 and #21 were 
cultivated at 37°C and 42°C, digested with lysostaphin, and the 
resulting extracts were subjected to SDS-PAGE~ Proteins ~ 100 
kDa were obtained by electroelution and reapplied to a 5% SDS
PAGE gel. Approximately 10 µg of total protein was applied t9 
each well. The gel was blotted· onto nitrocellulose and probed 
with antibody directed against an isolated and cloned collagen 
receptor. Lane 1, strain #16 grown at 37°C; lane 2, strain 
#16 grown at 42°C; lane 3, strain #21 grown at 37°C; lane 4, 
strain #21 grown at 42°C. 
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Figure 12. Capture of the collagen receptor from lysates of 
S. aureus strain #16 using IgG raised against the collagen 
receptor. Detachable microtiter wells were coated overnight 
with 30 µg of preimmune chicken IgG or immune chicken IgG 
raised against the 117 kDa collagen receptor from strain #16. 
Nonspecific sites on the wells were blocked .with - 1% BSA. 
Increasing dilutions of: lysates from strain· #16 grown at 
either 37°C or 4·2°c were incubated in the wells for 1 h. Bound 
receptor was identified following a 1 h incubation of 50000 
cpm of 125!-collagen. Wells were measured for radioactivity 
after repeated washings using PBS-~. 
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IgG bound only minimal amounts of proteins in the lysate from 

the 42°C grown cells which were recognized by collagen, 

confirming the scarcity of collagen receptor proteins in such 

lysates. 

F(ab') 2 fragments of immune chicken IgG were obtained by 

pepsin digestion and affinity chromatography. These_ fragments 

were used in an ·attempt to block the binding of 125I-collagen 

by S. aureus strain #16 in vitro. As shown in Table III, 

cells incubated with immune F(ab') 2 prior to incubation with 

radioiodinated collagen bound significantly less collagen than 

control cells. In addition, immune chic~en IgG was able to 

decrease the ~gglutination,score of collagen binding by strain 

#16 using the particle agglutination assay. The addition of 

approximately 15 µg of chicken-IgG to an incubation mixture 

containing S. aureus and collagen-coated latex particles on a 

glass slide resulted in the complete inhibition of a typically 

rapid agglutination reaction (dat~ not shown). 

Import,ance of Collagen Binding in the Virulence'-of S. aureus. 

Attempts were also made to block collagen binding by S. aureus 

· in vivo using an inf ant rat model. The objective of this 

animal ·model was to prevent the adherence and subsequent 

colonization of the organism and reduce its pathogenic 

ef.fects. Passive immunization of animals which r_esults in 

significant reductions in morbidity and mortality could be 

indicative of an inhibition of a crucial· step in' the 
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TABLE III. In vitro inhibition of S. aureus strain #16 collagen binding 
by chicken immune F(ab 1

) 2 directed against the 117 kDa collagen receptor. 

Incubation conditions8 

Normal F (ab') 2 

Normal F (ab') 2 + Immune F (ab') 2 

Relative amount of collagen 
bound/ 3 x 109 cellsb 

100.0 

78.6 

p 

0.03 

as. aureus strain #16 was grown overnight on BHI agar at 37°C, washed, 
and adjusted to 3 x 109 cfu/ml in PBS. Collagen binding was determined 
using type I collagen radioiodinated by the Chloramine T procedure of 
Hunter (42) as described in Materials and Methods. Prior to incubation 
with collagen, the cells were incubated with the indicated F(ab') 2 

preparations at 50 µg/10 9 cells for 1 hat room temperature. An initial 
incubation with normal chicken F(ab') 2 was employed in order to negate the 
nonspecific effects on collagen binding· observed in trial assays when 
using control chicken F(ab') 2 preparations. 
bAs the extent of ligand binding varied from one experiment to another, 
values expressed are relative binding of collagen, with the· amount bound 
in the absence of immune F (ab') 2 set as 100%. These results are 
representative of triplicate values from two separate experiments. 
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pathogenesis process (i.e. adherence of the organism to the 

tissue) . With the ~ncreasing number of. bacteria, particularly 

staphylococci, becoming resistant to antibiotics, 

immun6therapy is becoming increasingly important, furthering 

the need for the demonstration of an effective use- of antibody 

in reducing the virulence of' S .. aureus. 

Two·. day old infant rats were given intraperitoneal 

injections of chicken anti-collagen receptor IgG or saline, 

and were challenged 24 hours later with subcutaneous 

injections of S. aureus strain #16. Mortality rates were 

followed for 4 days postchallenge and the tissues of surviving 

rats were quantitatively cultured for the presence of S. 

aureus. The antibo~y provided minimal protection at one day 

postchallenge (Table IV), but this protective effect 

subsequently diminished. No significant differences in 

morbidity or mortality were found between rats which received 

passive imm~nization of chicken IgG and control rats which 

received saline. 

In an .at tempt· to examine· the role of collagen binding 

with respect to the· virulence of S. aureus, three day old 

infant rats were challenged with·cells of strain #16 grown at 

37°C or .42°C. Mortality rates were followed at 24 hour 

intervals for four days postchallenge. . The LD50 values of 

cells grown at the two temperatures were determined, and the 

difference between the two was found to be insignificant 

(Table V). No significant differences in morbidity or 
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TABLE IV. Infant rat protection studies with antibody to the 
collagen receptor. 

i.p. injection Challenge No. No. of 
( saline .vs. Ab) a strain (OC) b cells deaths/total c 

saline #16 (37°C) 109 11/11 
Ab #16 ( 31°c) 109 8/11 

saline #16 ( 31°c) 1010 11/11 
Ab #16 ( 37°C) 1010

• 9/12 

8 Infant rats at two days of age were given 50 µl of either saline (control) 
or antibody to the 117 kDa collagen receptor from S. aureus strain #16 (1 
mg/ml). 
bAt three days of age, infant rats were challenged with strain #16 by 
subcutaneous injection of organisms suspended in 100 µl of sterile 
pyrogen-free saline. 
'Mortality rates were recorded at four days of age (one day postchallenge) . 
These data are representative of three separate experiments. No 
significant differences were found between any of the groups. 



TABLE V. Effect.of growth temperature of S. aureus strain #16 
on mortality rates in infant rats. 

66 

Growth Temp. No. No. of 
of S. aureus (oC} a cells deaths/total 

37 108 0/6 
37 109 5/6 8.60 (3.98 X 108

} 

37 1010 4/4 

42 108 0/6 
42 109 4/6 8 . 8 7 ( 7 .; 41 X 108

} 

42 1010 5/6 

8S. aureus strain #16 were grown on BHI agar at either 37°C or 42°C. Infant 
rats were challenged at three days of birth by subcutaneous injection of 
organisms suspended in 100 µl of sterile pyrogen-free $aline .. 
1Mortality rates were recorded at four days postchallenge. LD50 values were 
determined by the method of Kuehne (47}. The difference in the LD50 values 
of organisms grown at the two temperatures was not statistically 
significant. 



67 

mortality were reported between ra~s which received strain #16 

grown at 37°C or 42°C. 



DISCUSSION 

Collagen binding has been proposed to be a major factor 

in the virulence of. S. aureus. Many str'ains of S. aureus bind 

collagen (12, 13, 38, 39, 40, 95, 96), and the expression of 

a collagen receptor has been found to be •necessary in the 

pathogenesis of S. aureus septic arthritis (75). In.addition, 

Switalski et· al. found that the collagen receptor is 

sufficient for adherance of the organism to cartilage tissue 

(96) . They showed that polystyrene beads "Coated with purified 

collagen receptor protein adhered to cartilage discs, 

confirming the role of this protein in the colonization of 

cartilage by pathogenic staphylococci. Numerous other studies 

have focused on this receptor-ligand interaction, and a 

putative collagen receptor has been isolated and purified from 

S·. aureus strain Cowan 1 (98). More recently, a model for the 

collagen adhesin was postulated (38), and the collagen binding 

domain (CBD) has been mapped to a 168 amino acid segment 

within the N-terminal, conserved A domain of this protein 

( 76) . 

Switalski et al. (96) repqrted the existence of two forms 

of the collagen receptor in S. aureus. strains isolated from 

patient.s with septic arthritis or osteomyelitis. They 

68 
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demonstrated that the collagen receptor exists as either a 110 

or 135 kDa protein, and that both of these proteins adhere to 

collagen (type II) and cartilage. Antibodies specific for the 

135 kDa protein of the strain Cowan 1 blocked adherence of 

clinical S. aureus osteomyelitis and septic arthritis isolates 

to collagen and cartilage in vitro. The cna genes, which were 

reported to code for the collagen receptor (77), were analyzed 

in these isolates to determine the basis for the expression of 

collagen receptors in two different forms. These genes were 

found to contain either two .:or three copies of a 187 amino 

acid repeat motif, which corresponds to a 20-25 kDa protein 

segment and explains the difference in size. 

Various environmental factors may have an effect on the 

expression of this protein. For example, .surface proteins in 

general are produced more readily on cells grown on. solid 

media rather than in liquid culture (16). In S. aureus, 

expression of type 8 capsular polysaccharide is-reduced both 

in vitro and in vivo when the cells are· grown in liquid 

culture rather than on solid surfaces ( 51) . More 

specifically, Naidu et al. reported that optimal agglutination 

of f ibronectin an~ fibrinogen coated latex particles was 

observed following growth of the S. aureus in broth media, 

while collagen agglutination was optimal following growth on 

agar (64) . This is likely explained· by the fact that 

f ibronectin and f ibrinogen are prominent plasma proteins while 

collagen is predominantly a tissue protein. 



70 

We report here that elevated temperature, as well as 

growth in liquid culture, seems to have a specific effect on 

the ability of some strains to produce the collagen receptor. 

The objective of t~is study was to utilize this temperature

sensitive phenotype as a means of further characterization of 

collagen receptors from osteomyelitic S. aureus anq. to provide 

additional evidence for the role of these collagen receptors 

in the pathogenesis of S. aureus. 

Following growth ~t 42°C, several strains of S. aureus 

lose the ability to bind collagen. The binding data obtained 

using the particle agglutination assay were confirmed using a 

more quantitative 125!-collagen binding assay. The results of 

the two assays were consistent: those strains that were 

temperature-sensitive failed to bind significant amounts of 

radioiodinated collagen or agglutinate collagen coated 

particles following growth at 42°C (compare Figure 1 and Table 

I). An exception was the strain SMH, which scored a O for 

collagen particl~ agglutination following growth at 42°C but 

still bound a considerable amount of radioiodinated collagen 

following growth at the elevated temperature. The relative 

difference in the -amount of 125!-collagen bound at the two 

temperatures is significant, however, (one tailed t=6. 94, 

p=2. 27x10-3
, 6 df) so strain SMH is considered a temperature 

sensitive, strain. 

It is thought that the surf ace ·prot.ein~. expressed in 

bacteria grown on a solid support ··may mimic those found in 
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bacteria in vivo (16) . Upon recognitio~ of a solid substratum 

by the organism, the synthesis of surface proteins is 

initiated as a response to this recognition event (16). In a 

liquid milieu, such as the blood, a pathogenic organism may 

sacrifice colonization factors in favor of:factors that may 

aid the cell in survival. S. aureus strain #16 was able to 

bind considerably more 125!-collagen following growth on solid 

media rather than liquid culture (see Figure 2), s·uggesting an 

increase in the synthesis of collagen binding proteins during 

growth on a solid substratum. These results confirm earlier 

observations that S. aureus grown on agar have enhanced 

expression of high-molecular weight surface proteins (16). 

Conversely, it has been found that capsular surface material 

produced by S. aureus was released into the culture medium 

when grown on liquid culture. Release of this material has 

also been detected in vivo (51). Since capsule is also an 

antiphagocytic factor, its release into a liquid substratum 

such as blood remains unexplained. 

Three global regulatory loci have been identified in 

Staphylococcus aureus. The agr response involves induction of 

secreted proteins such as toxins, hemolysins, and proteases, 

and reciprocal repression of surface proteins, such as the 

binding proteins for collagen, fibronectin, and fibrinogen 

(80) . Xpr is sim-ilar to agr in function and may act - in 

conjunction with agr .(i93), while sar is thought to be a 

counter-regulatory system to agr (15). Agr has been reported 
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by Novick et al. to contain two promoters, one of which 

directs synthesis.of-RNAIII, a 514 nucleotide transcript (70). 

RNAIII codes for the agr-regulated protein 6-hemolysin, and 

mutation and deletion analyses suggest that RNAIII is the agr

specific effector of exoprotein gene regulation (70). RNAIII 

is· thought to act directly at the level of translation by 

interacting with target gene transcripts and indirectly at the 

level of transcription by repressing the production of 

intermediary protein factors. It has been found that these 

additional protein factors are necessary as "second signals" 

required for regulation of exoprotein genes (70). Further 

work is necessary to determine if ~NAIII or similar effector 

molecules regulate gene expression in the xpr and sar global 

regulatory systems as well. 

Strain #16 was able to bind fibronectin and fibrinogen 

following growth at 42°C ( see Figure 3) ." Since surf ace 

proteins in general are not affected by growth at an elevated 

temperature, it is, therefore, unlikely that we observed a 

temperature effect on sar (15), agr, (80), or xpr 
1 

(93). 

Additional studies should be done to determine if the 

temperature effect we observed is on transcription, 

translation, or some subsequent process. For example, 

Schneewind, et al. (89) described a sorting signal for protein 

A which consists of an LPXTG motif, a C-terminal hydrophobic 

domain, and a positively charged tail. Homologous sequences 

are· conserved in Gram-positive bacteria and have been 
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identified in the product of the cna gene, the staphylococcal 

collagen adhesin (77) as well as in the staphylococcal 

fibronectin binding protein (90). Deletion experiments show

that the complete positively· charged tail, as well as the 

LPXTG motif, are necessary for cell wall anchoring. o-f protein 

A (90). These investigators have proposed that the LPXTG 

motif serves as the signal which leads the surface protein 

into the export pathway and the charged tail prevents 

secretion of the polypeptide into the medium (90). Since our 

assays depend on the receptor ~roteins being finally anchoted 

into the cell wall after synthesis, a temperature effect which 

blocked ·this process could result in the receptor being 

anchored into the membrane or ·even excreted into the medium. 

These possibilities have not yet been extensively pursued. 

SDS-PAGE of_ dialyzed, concentrated liquid media revealed 

secreted collagen receptor following incubation of S. aureus 

strain #16 at both 3 7°C and 42°C. This material should be 

purified and quantitated following incubation, however, before 

any solid. conclusions can be drawn. 

The temper_ature-induce9, loss of collagen binding is 

reversible. Reduced corlagen b·inding by strain #16 could be 

demonstrated after only two cell divisions at 42°C and the 

cells regained the ability to bind collagen when shifted back 

to 37°C (see Table II). Since the ability to bind collagen is 

regained following growth at 37°C, these findings eliminate 

the possibility that growth of cells at the elevated 
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temperature is selecting for a small population of cells which 

is unable to bind collagen. 

SDS-PAGE was utilized in order to identify putative 

collagen-binding proteins in cell wall extracts f~om S. 

aureus. Since cells grown at 42°C were unable to bind 

collagen, it seemed reasonable that collagen-binding proteins 

would be absent or diminished in extracts taken from these 

cells. In addition; it was thought that complexing the 

receptor with its target molecule prior to digestion would 

further enhance the ability to recognize collagen-binding 

proteins in electrophoresed extracts. 

When cells of ~train #16 were incubated with collagen 

prior to protoplast formation, there was an obvious protection 

of cell wall proteins from lysostaphin ·and/or protease 

digestion. The most prominent of these were proteins of 117, 

135, and 158 kDa (see Figure 6, lane 2). One explanation for 

this is that the smaller proteins are simply products 

originating from the 158 kDa protein during the extraction 

process; however, we did not observe an immunoreactive protein 

migrating at 158 kDa on Western Blots in any of the strains we 

studied, suggesting that this 158 kDa protein is not a 

prec.ursor to the 117 ,kDa collagen adhesin. Switalski et al. 

found the 135 kDa receptor protein from Cowan 1 yielded a 11~ 

kDa protein when digested with proteolytic enzymes (98). It 

is possible that the 117 kDa protein that we observed results 

from protease cleavage of the 135 kDa receptor. This could 
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have occurred despite the use of protease inhibitors during 

the extraction .,step. · There is also a· protection of proteins 

migrating at approximately 110 and 115 .kDa. (Figure 6, lane 2). 

These proteins, however, are obvious in the extract from 42°C 

grown cells as well (lane· 3). . Furthermore, since· .collagen 

receptor-.specific antibodies fail to recognize t_hese proteins, 

they are cons.equently not su.specte~ collagen-binding proteins. 

Due to the size of collagen, its protective effect likely 

includes not only those proteins bound to collagen but'also a 

steric protection of.proteins which lie in close proximity to 

the collagen receptor on the staphylococcal surface. This 

could further account for the obvious protection of proteins 

which are not recognized by collagen receptor-specific 

antibody during subsequent experiments in this study. The 

heavily stained material migrating at approximately 91 kDa in 

the 42°C extract (lane 3) is intriguing. Since it was not 

evident in subsequent stained gels (see Figures 7 and 8), it 

was quite likely a contaminant that was only present in this 

particular extract. 

When the preceding experiment was repeated irt the 

presence of large amounts of proteinase K, all proteins which 

were not protected by collagen preincubation were extensively 

degraded (Figure 7). The resulting gel demonstrated 

undigested material that either was. protected by collagen 

preincubation and consequently a collagen-receptor protein, or 

was non-proteinaceous and not likely to be receptor material. 



76 

The extract from protected cells exhibited three high 

molecular weight bands: 117, 103, and 81 kDa (see Figure 7, 

lane 3). The 117 kDa protein closely corresponds to the size 

of previously identified collagen receptors (96) and was found 

in subsequent experiments in this project to be 

immunologically related to these established receptors. Since 

the 103 kDa band was also evident in an extract containing 

only collagen (no bacterial cells) (lane 1), this band was 

regarded as · a'· subunit of collagen. The band at 81 kDa was 

also evident, and appeared to be more pronounced, in the 

extract from cells not protected by collagen preincubation 

( compare lanes 2 and 3) . It is ·proposed that this band 

represents degradation of higher molecular weight material, 

possibly degradation of the putative· 117 kDa collagen 

receptor. More extensive degradation of the collagen receptor 

in.the extr~ct of cells which were not protected by collagen 

from proteinase K digestion quite possibly lead to the 

apparent elevated quan~ities of 81 kDa _material as compared to 

the extract from cells that were preincubated with collagen. 

This degradation product suggests that although the 117 kDa 

receptor protein was protected to some extent by bound 

collagen, higher concentrations of collagen were necessary to 

mask the receptor proteins on all the cells in the suspension. 

Following identification of this putative 117 kDa 

collagen receptor, the receptor protein was electroeluted from 

SDS-PAGE gels and used to immunize chickens. Using IgG 
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fractions from · the resulting antiserum, related collagen 

receptor proteins could be easily identified on Western Blots. 

Table VI summarizes the collagen binding proteins identified 

in this . study. This study -confirms the observation by 

Switalski et al. that the collagen receptor can exist as one 

of two forms, a 110 kDa protein or a 135 kDa protein, 

depending on the number of repeat motifs present in the 

molecule (96). They demonstrated that the two forms of the 

collagen receptor bind comparable amounts of collagen, and 

they also reported that the two forms were not expressed 

simultaneously in the same strain. We report here the 

presence of related 110, 117, and 135 kDa receptors. Al though 

the strains possessing these receptors bind varying amounts of 

125l-collagen ( see Table I) , none of these· receptors has a 

greater affinity for collagen than the others. In addition, 

none of the strains studied was shown to possess more than one 

of these collagen receptors.· 

We found that .the 135 kDa collasen ·receptor from Cowan, 

first characterized by Switalski et al. (98), reacts with IgG 

prepared from chickens immunized with the 117 kDa. collagen

binding protein from strain #16 (see Figure 10) ,, demonstrating 

the relatedness of these proteins. It is quite likely that 

the 117 kDa collage~-binding protein identified here 

· corresponds to the 110 kDa receptor also characterized by 

Switalski et al. (96) . Alternatively, collagen receptor 
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TABLE VI. Collagen binding proteins of S. aureus strains. 

Strain 

#15 
#16 
#21 
SMH 
Cowan 

CnBP {kDa) a 

110 
117 
135 
135 
135 

8AS determined by SOS-PAGE analysis. 

Temperature Sensitivity of CnBPb 

++ 

++ 
+ 

bAs determined by particle agglutination assay or ~25I-collagen binding 
assay. ++=complete loss of collagen binding following growth at 42°C; 
+=partial loss of collagen binding following growth at 42°C; - = no loss 
of collagen binding followin~ growth at 42°C. 
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variation among S. aureus isolates is even greater_. than 

reported. 

Rabbit IgG, obtained f:r::om Dr. Joseph M. Pat ti and 

directed against a recombinant form of the 135 kDa collagen 

receptor, crossreacted with proteins identified by our 117 

kDa-specific antibody (see Figure 11). Further studies will 

be necessary to determine if this 117 kDa protein results from 

a variation in the size of the cna gene, if a different _gene 

is involved, or if this smaller binding protein is in fact a 

cleavage product of the 135 kDa receptor. Since the sequence 

of these 110 and 135 kDa proteins has been elucidated (77, 

96), sequence analysis and Northern Blot analysis of our novel 

11 7 kDa collagen receptor will reveal if this re·ceptor is 

related to the 110 and 135 kDa receptors on a molecular level. 

In any case, these data demon~trate that both the larger (135 

kDa) and the smaller (110 or 117 kDa) forms of the receptor 

are susceptible to an increase in·temperature in at least one 

strain. 

The chicken IgG raised against the 117 collagen receptor 

protein from strain #16 is highly specific for proteins in 

lysates from strain #16 grown at 37°C rather than 42°C. IgG 

bound to the bottom of microtiter wells bound significantly 

more proteins in ·the 37°C grown extract which are in turn able 

to bind to radioiodinated collagen ( see Figure 12) . This 

confirms earlier observations that collagen-binding protei~s 

are lacking in lysates from cells grown at 42°C and 
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demonstrates the specificity of the IgG for proteins in the 

extract grown at permissive temperatures. In addition, since 

collagen can bind to receptor proteins that are complexed to 

antibodies, this assay demonstrates that the binding sites on 

the receptor for collagen and antibody are distinct and 

specific. Preimmune chicken IgG failed to recognize collagen

binding • proteins in lysates . from cells grown . at either 

temperature, further demonstrating that only specific immune 

antibodies are involved in recognition and subsequent 

identification of collagen-binding proteins. 

F (ab' ) 2 fragments from chickeri IgG raised against the 117 

kDa collagen receptor were able to block the binding of 125I

collagen by S. aureus strain #16 in vitro (see Table III). In 

infant rats, however, chicken IgG granted only limited 

protection 24 hours postchallenge (see Table IV). There are 

several explanations for this lack of protective efficacy .. It 

is possible that these "foreign" antibodies from chicken are 

rapidly being cleared by the rat's normal defense mechanisms. 

Limited protection was only observed shortly after 

immunization (within 48 hours), before these "foreign" 

antibodies were cleared by the host. Similarly, Schennings et 

al. reported that immunization with a recombinant f ibronectin

binding protein resulted in only a modest degree of protection 

again~t S. aureus endocarditis in rats shortly after challenge 

(88) . It is possible that evaluation of mortality rates 
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should be made earlier than 4 days after challenge to receive 

a better assessment of protective efficacy. 

Secondly, it seems possible that the antibody was created 

against a protein that is not surface exposed on the intact 

organism in vivo. As noted earlier in this manuscript, it is 
\ 

well-known that surface proteins vary significantly depending 

on environmental conditions (16, 28', 29, 51, 54, 64). It,is 

not known, however, to what extent surface protein expression 

by pathogenic organisms in vivo varies from that seen when the 

organisms are ·cultured in vitro. 

A third possibility that must :Oe considered concerns the 

conformational specificity of the cotlagen binding domain 

(CBD) of the collagen receptor of S. aureus reported by Patti 

et al. (76) . They concluded that short sequences flanking the 

CBD are necessary to maintain proper conform~tion of the CBD 

for collagen binding. :This could account for the low a_ffinity 

of the receptor for collagen in vitro reported in earlier 
) ' . 

studies using heat treated c~11·s (98) . It seems quite likely 

that heat treatment, as well as other treatments that may 

alter or denature the recepto~ (i.e. SDS-PAGE, protease 

activity during purification) may interfere with collagen 

binding activity of the receptor.· The antibody in this study 

was raised ag-ainst a collagen receptor isolated from SDS-PAGE 

gels. It is possible that this recepto~ protein was altered 

by SDS-PAGE and subsequent electroelution, resulting in a 

lower affinity for collagen and creation of an antibody to a 



r' 

82 

truncated form of the receptor. This could account for the 

difficulties observed in attempts t6 utilize antibody to block 

blnding of collagen by the receptor in the infant rat model. 

Finally, the pc;:,ssibilities that collagen binding is 

unrelated to virulence or only constitutes a small segment of 

the binding events necessary for colonization .cannot be ruled 

out. Other simultaneous binding. events or a different 

mechanism all together may be critical in S. aureus 

pathogenesis. 

Nevertheless, unsuccessful attempts at passive protection 

are not uncommon. Greenberg et al. (31) reported a lack of 

protective efficacy of protein A-specific antibody in the 

ability to reduce mortality, bacteremia, or metastatic 

infection of S. aureus in infant rats. Since protein A is an 

important antiphagocytic component of the S. aureus cell wall, 

antibody to this protein would be expected to enhance 

opsonophagocytosis. Nemeth and Lee (65) recently re~orted 

that S. aureus capsule specific antibodies are not protective 

against cathetet-induced endocarditis in rats. Additionally, 

a literature search of manuscripts published within the last 

ten years revealed that of those research projects involving 

passive protection against bacterial, viral, or parasitic 

infection, only 8 of 18 (44%) were completely successful. 

In a final experiment in this project, infant rats were 

challenged with S. aureus strain #16 grown at 37°c·or 42°C to 

determine the difference, if any, in LD50 values between cells 
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grown at the two temperatures. Most of the work to date 

involving collagen binding by S. aureus involves in vitro 

binding assays. Although a great deal of information is 

gained using these .techniques, the binding reaction in vivo 

may be drastically different. In vivo, the organism may 

recognize epitop·es on the ligand which are not available in an 

in vitro set ting. In vivo.· comparisons between binders anµ 

nonbinders of a particular ligand are difficult, however, 

because the compared organ:Lsms need to be _similar in all 

aspects except ligand binding. In this manner, a lack of 

pathogenicity of the .'n6nbinder can be suggestive of an 

inability to bind the ligand since the nonbinder and the 

binding organism are similar in all other aspects. In a 

related study, p·atti, et al. (75) reported that S. aureus 

strains which contain an inactivated copy of the cna gen~, and 

as a result are collagen-receptor negative, cause septic 

arthritis at significantly lower levels than strains which 

have been genetically altered to express the collagen receptor 

by insertion of a functional cna gene. ~e attempted, in a 

similar manner, _to demonstrate that collagen-receptor negative 

organisms were less virulent than the phenotypically normal 

collagen binding cells. 

The differences in morbidity and mortality between rats 

receiving organisms grown at the two temperatures were not 

statistically significant (see Table V). Again, there are 

several possible explanations. First, 42°C grown organisms 
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which lack the collagen receptor revert back to the original 

collagen-binding phenotype following two generations of growth 

in the rats at normal. ambient temperatures. It may be 

necessary to house the animals at elevated ambient 

tempe·ratures to consequently increase the body temperature of 

the animal during this experiment. 

Alternatively, the possibility remains that collagen 

binding is not the critical step in the virulence of S. aureus 

or constitutes only a minor role in virulence. 

The role of the temperature sensitive phenotype is 

unclear at the present time. Even though our measurements did 

not show a significant reduction in collagen binding at 

temperatures below 42°C, it is possible that slight 

temperature elevations affect ~ocalization of cells at an 

actual infection site. The failure of the infant rat model to 

demonstrate, a significant difference in the _virulence of the 

organism grown at the · two· temperatures. suggests that the 

strains which exhibit this temperature sensitive phenotype are 

possibly those which are less virulent even at the permissive 

temperature. This possibility has not been pursued, although_ 

it is known that osteomyelitis isolates taken directly from 

infected human bone, including those used in this study, vary 

significantly in their abilities to agglutinate collagen 

coated particles (12). If collagen binding is indeed a 

virulence factor, the organism may simply be altering its gene 

expression at the elevated temperature, thereby sacrificing 
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certain colonization factors in order to preferentially 

produce other yet unknown factors which may aid in its 

survival at the elevated temperature. Future studies· into the 

exoprotein, hemolysin, and protease production by cells grown 

at the elevated temperature may provide support for this 

a;i::-gument. 

A strategy described by Mekalanos (61) presents a 

possible scenario of the effect of temperature on _the co_llagen 

receptor demonstrated here. The invading S. aureus may simply 

"play a stalling game" as a result of a developing host immune 

response. By expressing virulence factors in the host at less 

than optimal levels in response to fever, the organism may 

prolqng its interaction with the host by evading· specific 

antibody responses. It is proposed ·that this delay would 

allow the organism additional time to become established in 

the host and begin its pathogenic processes. 

In conclusion, one must consider that BSP is an essential 

ligand for S._ aureus colonization in the bone. Studies by 

Abdelnour et al. ( 1) have shown that agr- mutants, which 

exhibit increased ~inding to vitronectin, fibronectin, and 

collagens I and II, are less virulent than the wild type 

organism in a murine arthritis model. These mutants also 

exhibit decreased binding to BSP, suggesting that BSP may be 

an important v;,rulence factor for S. aureus septic arthritis. 

The temperature effect on collagen binding observed here may 

be related to the relative abundance of collagen type I in the 
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body. As the body temperature increases, a situation arises 

where the blood-borne organisms ·would be better served by 

localization at a particular site where they can begin setting 

up their line of defense, which includes secretion of a 

polysaccharide_capsule as well as extrac~llular enzymes. The 

collagens, whi~h - are .present in the skin, bone, t;:.endons, 

cartilages, basement membranes, and endothelial cells, may not 

be an ideal ligand for _localization because of the relative 

abundance· of .these ligand molecules disseminated throughout 

the body. Furthermore, Speziale et al .. (95) have shown that 

a single collagen receptor binds to a number of different 

types of collagen. During an environmental challenge, 

invading organism may prefer a more localized ligand for 

binding, such as BSP in the bone. With elevated temperature, 

·. more univer·sal receptors, such as those for the collagens, may 

be sacrificed for production of specific receptors that,would 

aid in the localization of the organism in tissues such as 

bone. / 
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6) There is no evidence that elevated temperature· 

affected a global regulat.ory gene. Consequently, elevated 

temperature could affect cell sorting events which anchor the 

receptor into the cell wall. 

7) F(ab') 2 fragments of chicken IgG raised against_the 

117 kDa receptor significantly inhibited the in vitro binding 

of usr-collagen by S. aureus strain #16. 

8) No significant differences in morbidity or mortality 

were observed in infant rats challenged with S. aureus strain 

#16 grown at 37°C or 42°C. This observation is likely 

explained by the fact that the organisms are reverting back to 

the collagen binding phenotype upon growth in the animals. 

9) No significant differences in morbidity or mortality 

were observed in infant rats immunized with chicken IgG raised 

against the 11 7 kDa collagen receptor prior to challenge 

versus control organisms which received saline prior to 

challenge. Limited protection was obse~ved immediately after 

challenge (24 hours) . Other investigators have reported 

similar results in attempting to passively immunize animals. 
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