
\ 

REDUCED BINDING TO 1YPE I COLlAGEN 

OF RAT TIBIAE BY TRANSPOSON-MUTATED 

STAPHYLOCOCCUS AUREUS 

by 

moMAS BROOKS BUXTON, M.S. 

Submitted to the Faculty of the School of Graduate Studies 

of the Medical College of Georgia in partial fn1611ment 

of the requirements for the Degree of 

Doctor of Philosophy 

March20 

1992 



REDUCED BINDING TO 1YPE I COUAGEN OF 

OF RAT TIBIAE BY TRANSPOSON-MUTATED 

STAPHYLOCOCCUS AUREUS 

This disse~tion is submitted by Thomas Brooks Buxton and has been 

examined and approved by an appointed conultittee of the faculty of the School 

of Graduate Studies of the Medical College of Georgia. 

The signatures which appear below verify the fact that all required 

. changes have been incorporated and that the dissertation has received final ap

proval with reference to content, form and accuracy of presentation. 

This dissertation is therefore accepted in partial fulfillment of the require

ments for the degree of Doctor of Philosophy. 

Major Advisor 

Dean, School of Graduate Studies 

ii 



ACKNOWLEDGEMENT 

This thesis is dedicated in memory of my f~ther, O.C. Buxton, 

M.D. whose love, support and encouragement directed me to 

a career in science with an emphasis on higher education. 

The author would like to express his deep appreciation to 

G.K. Best Ph.D., and J.P. Rissing, M.D. who guided me 

throughout the course of this project. The author would also 

like to thank his committee members; Drs. Sprinkle, Brownell, 

Scott and Steele for their many contributions, and Norma Best 

for technical assistance. 

Last, but not least, the author wishes to thank his wife Lynda 

and three daughters for their sacrifices in support of this en

deavor. 

iii 



TABLE OF CONTENTS 

INTRODUCTION. Page 

A. statement of the Problem •• . . . . . . . . . . . . . . . . . . . . . . . . .1 

B. Review of Literature •••••• . . . . . . . . . . . . . . . . . . . . . . . ..2 

c. Objectives of the Project. . . . . . . . . . . . . . . . . . . . . . . . .15 

MATERIALS AND METHODS 

A. Bacterial Strains .16 

B. Collagen ••.••.••.••••••••••••••••..••••••••.•••••• 18 

c. Mutagenesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • • 21 

D. Bone Matrix Proteins •••••••••••••••••••••••••••••• 25 

RESULTS 

A. Collagen-agglutination by clinical isolates ••••••• 29 

B. Collagen-binding assays •••••••••••••••••• 

c. Mutagenesis: Screening and DNA analysis •• 

D. Phenotypic Comparisons ••••••••••••••••••• . . . . 
E. Adsorption: Collagen and Bone Matrix Protein. 

DISCUSSION .•••.•.•••.•••••• ·• ••••.••••.••.••••••••• 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. . . . . . . . . . . . . . . . . . . . . . . 

.33 

.43 

.52 

.54 

.64 

.86 

• • 87 

SUMMARY ••••• 

REFERENCES. 

APPENDIX ..• . . . . . . . . . . . . . . . . . . . . . . . . ............ . 101 

iv 



LIST OF TABLES 

TABLE PAGE 

I. Clinical Source and Collagen Agglutination ••••.•••••••• 32 

II. 125r-collagen Binding, strains ••••••••••••••••••••••• 36 

III. Comparison of strains as Isogens •••••••••••••••••••• SJ 

IV. Collagen Adsorption, AUC ••••••••••••••••••••••••.••• 63 

v 



LIST OF FIGURES 

FIGURE 

1. Osteoblast-produced procollagen 
2. ·Mature collagen, chain associatio~ 
3. s. aureus collagen receptor 
4. Slide agglutination, scores 
5. 
6. 
7. 
8. 

Technique of mutagenesis 
Agglutination of Cni by clinical isolates 
Mean Scores of Source Groups 
Time-course of Collagen Binding 

9. Dose Response of Collagen Binding 
10. Collagen Binding, Strain #,16 
11. Temp. sensitivity, str.ain #16 
12.· Temperature Sensitivity (strain comparison) 
13. Reversibility and temperature sensitivity 
14. Cni-binding (parent vs. mutants) 
15. Scatchard Plot of collagen binding 
16. Binding of type II collagen and Fibronectin 
17. EcoRI-digestion and Southern Blots 
18. BamBI-digestion and Southern Blots 
19 .• SDS-PAGE: Type I collagen 
20. SDS-PAGE: Rat Tibial Matrix 

PAGE 

6 
7 

13 
20 
23 
30 
31 
34 
35 
38 
39 
40 

41,42 
44 
45 
48 
49 
51 
55 

21. Bone Adsorption, parent & mutant, KSCN elution 
57 
59 

22. Collagen Adsorption, parent 
23. Collagen Adsorption, mutant 

APPENDIX 

Terminology 
List of Abbreviations 
Letter, Wesley Kloos, Ph.D. 

vi 

'61 
62 

98 
98 

100 



INTRODUCTION 

A.. Statement of the Problem: 

Because Staphylococcus aureus causes the majority of cases of human 

osteomyelitis l,2, there is likely a specific morphological and/ or physiological 

relationship between this microorganism and bone which facilitates coloniza

tion. Binding studies done in vitro have shown certain strains of S. aureus have 

surface receptors for several members of connective and parenchymal tissue, 

e.g., collagen 3-5. Any of several receptor-binding interactions could, therefore, 

facilitate colonization of bone and subsequent disease development. Despite 

these observations, adherence to bone is not a proven factor in staphylococcal 

osteomyelitis, and is the subject of this investigation. 

This study is based on the supposition that binding-mutants are of value 

in approaching the problem. The alternative is to compare wildtype strains that 

differ in expression potential of several independent adhesins. Successful isola

tion of a mutant, defective in.its ability to bind type I collagen, may permit 

studies into the role this ligand plays in the development of osteomyelitis. 

Research Plan: A bacterial mutant with a reduced ability to bind collagen will 

be developed and contrasted with the parent strain for properties of collagen 

and binding. Selection criteria for the parent strain include: a strong collagen

binding phenotype, bone pathogenicity and suitability for transposon 

mutagenesis. 

Bone matrix proteins that contain type I collagen will be extracted from 

normal rat tibiae. The solubulized proteins Will be added to adsorption mix

tures conta~ning cells of the parent or mutant. To assess the nature of individual 
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peptides bound to the bacterial cell surface, a chaotropic agent will be used to 

extract proteins bound to the bacteria. Following dialysis, SDS-PAGE separation 

and Coomassie gel-staining of the gel, the differences in banding patterns will 

help to identify the apparent size and nature of individual peptides of bone 

matrix proteins bound by staphylococci. 

B. RevieW of the Uterature: 

. Recent investigations suggest specific bacterial adherence may be an im

portant early event leading to the development of diseases that include human 

osteomyelitis 6-8. This is because pathogenic strains of S. aureus strains bind 

commonly to ligands that are present in bone matrix. These ligands include: 

type I collagen9,10, type II collagen 11 and bone sialoprotein 12. The idea is that 

binding promotes bacterial adherence, colonization and disease. 

Of particular interest is the binding of S. aureus to type I collagen, the 

predominant protein of bone. This is because bone-trauma and bone

remodeling are associated with the development of osteomyelitis. In both cases, 

type I collagen may become "exposed". If the mineralized form of collagen is 

poorly suited for binding recognition, trauma.and remodeling may then 

promote staphylococcal adherence by the unmasking of collagen binding sites. 

Previous observations from this laboratory support the hypothesis. Scan

ning electron microscopy studies of osteomyelitic rat tibiae revealed 

staphylococcal forms localized near traumatized cortical bone. Most 

staphylococci were adherent to woven bone fibrils that resembled collagen 13. 

Because type I collagen makes up a major portion of bone matrix protein 14,15, it 

was presumed to be involved in bacterial adherence. Second, when rats were 

injected i. v. with doses of the Cowan 1 strain (which binds collagen), there was a 



difference, compared to the nonbinding Wood 46 strain, with respect to colony 

forming units present in. the tibial metaphysis. There was also a significant dif

ference in the minimal inoculum necessary to colonize challenged tibiae. Bone 

trauma fcicilitated the ability of the Cowan 1. strain to colonize, but trauma did 

not affect colonization by the Wood 46 strain [Buxton et al., Abstract #33·, 30th 

ICAAC, Atlanta, GA, Oct., 1990]. 
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"Osteomyelitis~ refers to inflammation caused by microbial infe~on of 

bone. This disease is associated most often with a single bacterial pathogen, 

Staphylococcus aureus 1'16. In a clinical study done in 1970 by Waldvogel, 

Medoff and Swartz of osteomyelitis cases secondary to a contiguous focus of in

fection, S. aureus was identified as the infecting microbe in 35 of 36 hip infec

tions 20. In a study done by Winters and Cahen of cases of hematogenous os

teomyelitis, S. aureus was identified as the infecting microbe in 80 percent of 

long-bone infections 17• However, in another form of this disease, osteomyelitis 

associated with vasc~lar insufficiency (typified by the "diabetic foot''), the 

prevalence of S. aureus is somewhat lo~er (ca. 5096) 1. 

In hematogenous osteomyelitis, i.e., caused by blood-borne pathogens, 

the femoral and tibial metaphyses are commonly involved 18-20. This suggests 

that long-bone anatomy, and in particular the anatomy of metaphysis, is relevant 

to an understanding of how this disease develops and perhaps, bone tropism. 

Long-bone metaphysis consists of cancellous (sponge-like) bone that is 

rich in nascent type I collagen 21. Its vasculature is unique. First, it consists of 

small-diameter capillaries that fold-back on themselves at the epiphyseal growth 

plate. This anatomical quirk produces a "hairpin" configuration that promotes 

blood stasis. This in tum, prolongs the exposure-time for blood-borne 



pathogens carried to the site 22. Second, the metaphyseal endothelium is dis

continuous and the stromal framework (connective tissue intercellular sub

stance, or "bone matrix''), abuts against the capillary lumen. Thus, the organic 

.matrix of bone maybe a staphylococcal "target", i.e., responsible for specific 

adherence by blood-borne staphylococci. 

The organic matrix of bone consi.sts of three components: inorganic 

bone-salt, amorphous .ground substance ~nd collagen 23. The inorganic bone

salt is the main chemical compound in bone. It consists ~f crystals of 

hydroxyapatite (3Ca3(PO.J2CaOH2) minerai 24. The bone-salt is deposited in a 

netlike matrix of collagenous fibers. 
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The ground substance of bone consists of certain n_on-collagenous 

proteins, tissue fluid and metabolites. Its amorphous nature is responsible for 

its remarkable ability to absorb fluid. For example, the introduction of fluid into 

bone vasculature causes the swelling of ground substance that does not rapidly 

flow-away as might be expected. A long-held view is that ground substance acts 

as an obstacle to the spreading of microorganisms introduced into bone 2'~ 

This has been documented in experimental acute osteomyelitis. Twelve hours 

following the injection of staphylococci into chick whig-veins, cells of S. aureus 

were identifiable (by SEM) localized to collagen fibrils. The fibrils were adjacent 

to the metaphyseal endothelium 18. 

Bone-trauma may disrupt the metaphyseal vasculature and its associated 

ground substance. If so, the collagens located "deep" within cortical bone may 

become accessible to contaminating staphylococci. 
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The two primary bone matrix collagens are: type n collagen and type I 

collagen. Type n collagen (a 1 [IT]~ is made by chondro~s 26 and is the 

predominant collagen of cartilage 27,28. While present in bone epiphyses, and in 

mineralized pediatric metaphysis, this collagen does not represent a significant 

portion of adult bone (personal coriununication, Rob Weinstein, M.D.). 

Conversely, type I collagen (Col) constitutes 70% of the mass ofbone's 

organic matrix 14. Thus, this ligand is a readily available target for binding. 

Second, several type I collagen species exist in bone, e.g., procollagen, tropocol

lagen, terminal extension peptides and perhaps osteoclast-solubulized a-chains. 

In addition, type I collagen exists in bone in several states of maturation and 

mineralization, i.e., immature, mature, non-mineralized and mineralized. 

In the maturation of collagen, numerous procollagen molecules, 

produced by osteoblasts, are deposited near developing ''beam-like" trabeculae, 

from Which bone growth occurs 21 .. The conversion of procollagen to 

"tropocollagen" occurs by endopeptidase-mediated cleavage of the extension 

peptides (Figure 1) 29• The procollagen carboxy-extension peptide promotes 

fibril crosslinking, while the globular amino-extension peptide inhibits excessive 

accretion, perhaps by covering the fibril surface3°. The accretion and crosslink

ing of fibrils is highly regulated. The process produces periodic "4-domainal-
o 

staggered arrays" 31 that have characteristic "gap and overlap".regions (repeating 

· 680 A periodicity of mature collagen) 3°. 

Thus, tropocollagen is the subunit of mature collagen. In turn, it consists 

of three similar crosslinked polypeptide chains (a1[I]2a2[I]) (Figure 2). Each 

chain has approximately 1000 amino acid residues and exists as a left-handed 



Figure 1. Procollagen. 

Nascent type I bone collagen, produced by osteoblasts, contains globular ter
minal extension peptides that are important in the maturation and 
mineralization of type I collagen. The conversion of procollagen to tropocol
lagen occurs by endopeptidase cleavage of the extension pep tides (arrows). 

Modified from Nimni, M.E., Seminars in Arthritis and Rheumatism, 13(1):4, 1983. 
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Figure 2. Mature Type I Collagen (Chain Association)~ 

A The three crosslinked chains of type I collagen irzclude: two al[I]- . 
chains (unsbaded) and one a2[1]-chain (shaded). Disaggregating condi
tions, tha·t include acid solubulization or treatment with SDS~ may 
produce monomers as shown in B. The monomers are individual al[I]-
chains or a2[1]-chains. As shown in C., two dimers, tenned "P-cbains" 
are produced. For example, the P 1 1-dimerlc consists of two individual 
al[I]-chains. Likewise, p 1 2-dimer consists of associated a1[1]-a2[1]-
cbains. ' 

* Modified from Nimni, M.E., Seminars tn Arthritis and Rheumatism, 13(1 ):2, 1983. 
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supercoiled triple helix 66. Each chain has high levels of chain-c~mpacting 

amino acids (i.e., gly, pro and hpro, at least 10% of residues). A glycine occurs 

frequently at every third residue of the helix. 

The dissociation of type I collagen yields fragments that fall largely into 
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-two classes, e.g., individual or monomeric a-chains (ca. 100 kD) and dimeric 

(two chains associated) Beta-chains (ca. 200 kD). SDS-PAGE separation under 

reducing conditions produces both forms, as does acid-solublization techniques 

used in the commercial preparation of collagen. High molecular weight 

polymers have also been reported 71. 

The calcification of collagen is a separate process from maturatio1:1. In 

otherwords, there must be an association of mature-fibrils, certain bone-

restricted proteins, hydroxyapatite and vesicles in order for calcification to oc

cur. Because all of these are found near the fibril's gap region 32, the gap 

region is believed to be th_e ·site for the crystallization of mineral 33, 34. 

No study has been done in vivo using the mineralized form of collagen· as 
. . 

··a bind~g ligan·d byS. aureus. Therefore, it is unknown whether the presence of 
. . . 

hydroxyapatite affects collagen binding by S. aureus. However, ·this laboratory 

has used demineralized bone chips and compared the ab~ity of two strains of S. 

aureus to localize to the chips. The Cowan 1 strain (collagen-binder) localized. 

prefer~ntially (increased cfu) to demineralized bone chips, while the non

binding Wood 46 strain was unable to localize to either form in significant num

bers [Buxton, et. al, ICAAC, 1990]. This suggested that the mineralized form of 

collagen was inhibitory for binding. 



Collagen Exposure. Both major bone-cell types, osteoblasts and os

teoclasts, contribute to "collagen exposure" (defined as accessibility to the active 

binding site). As mentioned above, the osteoblast synthesizes nascent type I 

procollagen, while discussed below, the osteoclast "exposes" mature type I col

lagen. 

Bone normally undergoes remodeling whereby it maintains its charac

teristic scalloped shape. The remodeling process is accomplished by the 

process of bone resorption and the activity of osteoclasts. 

The relationship appears quite high between pre-existing bone injury, 

certain staphylococcal strains and successful development of acute 

hematogenous osteomyelitis 2' 19. In otherwords, experimental osteomyelitis is 

quite difficult to produce without the addition of bone-traumatizing agents 

added to an "appropriate bacterial inoculum" 35. The reason for this relation

ship is unknown. 
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Osteomyelitis is promoted by anaerobic conditions and tissue necrosis 36. 

Both favor the activation of osteoclasts that remove hydroxyapatite from mature 

collagen. This promotes the exposure of collagen. If trauma promotes ex

posure, staphylococcal localization may be favored. However, this has not been 

tested directly, although in one study implantation of demineralized bone matrix 

gels into infected bone exacerbated pre-existing S. aureus osteomyelitis 3 7. 

The osteoclast is a multinucleated giant-sized cell that is probably derived 

from a macrophage lineage 3B,39• It is a host defense cell and important in the 

prevention of.diseases of hardened-bone, i.e., osteopetrosis 40. The osteoclast 

resorbs mineralized bone in two-steps. First, is the dissolution of hydroxyapatite 

that creates osteoid (demineralized bone containing collagen and associated 
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proteins), presumably by elaboration of acid phosphatases 41. "Denuded" col

lagen is prevalent in remodeling ,bone 42 at the base of osteoclast-pitted surfaces 

38,43,44. Thus, the osteoclast exposures mature collagen fibrils. Second, is the 

dissolution of osteoid 38, presumably by release of osteoclast-associated col

lagenase. This process solubulizes bone collagen, potentially releasing collagen 

fragments. 

Bone trauma causes the release of important mediators of inflammation, 

e.g., PGE2 and interleukin-1. These cytokines stimulate directly osteoclast ac

tivity 45·47. The net result of the inflammatory process may be the activation of 

osteoclast and further "exposure" of collagen. 

However, it would be simplistic not to consider that certain other noncol

lagenous proteins are necessary for bone adherence by S. aureus. There. are at 

least seventeen noncollagenous proteins in bone 48• Two are produced in the 

liver, the rest are made by osteoblast:S. Noncollagenous ~one matrix proteins 

involved in the mineralization process include: osteonectin 49, osteocalcin 5°, 

osteopontin 51 and bone sialoprotein 52. 

Studies of osteoblasts in cell culture demonstrated that the phos

phoproteins are secreted into matrix before mineralization is initiated 53. Phos

phoproteins, which include bone sialoprotein, play a critical role in initiation of 

calcification of vertebrate mineralized tissues 54,55. The bone phosphoproteins, 

concentrated at the initial site.of mine~alization, are in close proximity to type I 

collagen fibrils 54. · 



Bone sialoprotein was identified as a bone-specific binding ligand for S. 

aureus, because significantly more bone sialoprotein (vs. fibronectin) was 

bound by clinical isolates of S. aureus obtained from blood, ostomyelitis and 

septic arthritis 12,56. However, purified bone sialoprotein is difficult to purify 

and not available commerially. Therefore, only a few studies have been done. 
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The binding of S. aureus to components of plasma, e.g., fibronectin 

8,57,58, to fibrinogen B,59 and to Fe fragment of IgG 60,61, is well-documented. S. 

aureus also binds insoluble connective tissue components. These include: 

laminin 8'62, vitronectin 63,,type I 9,10,64 and type_ IT 3,11 collagens. Laminin 

and vitronectin are found in basement membranes of parenchymal tissue 

4B,65,~; but not in the stromal matrices of mineralized connective tissue. Thus, it 

is unlikely that these ligands are involved in the pathogenesis of staphylococcal 

osteomyelitis. Because fibronectin is not listed among bone matrix proteins, the 

most likely ligands, in relation to staphylococcal osteomyelitis, are: type I col

lagen, tfl;e llcollagen.and bone sialoprotein 9,12,56,64,67. 

In comparison to the few studies using bone sialoprotein, considerable 

work has been done investigating the nature of collagen binding by S. aureus. 

The Cowan 1 strain was described by Holderbaum, Hall a·nd Ehrhart 9 to 

strongly bind 1251-collagen (type 1). The dissociation constant, Kd, was reported 

to be 9.7 X 10·11 M (live staphylococci). Collagen binding was rapid, saturable, 

reversible and inhibited by trypsin or heat. 

The ability of Cowan 1 to bind a second collagen, type II collagen, was 

studied by Switalski, Speziale and Hook 3. Collagen-binding was abolished fol

lowing cellular treatment using thermolysin-and papain (but not by lysozyme). 

This suggested that a proteinaceous adhesin, or "receptor", was present on the 
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cell surface. Studies on the specificity of collagen binding suggest that the puta

tive receptor bound several different types of collagen, e.g., types I to VIII. In 

addition, several collagen a-chains and cyanogen bromide fragmented collagen 

peptides were recognized by the receptor (evidenced by the ability of these pep

tides to inhibit binding). 

Purification of the collagen receptor is difficult although it has been done 

in two laboratories. Holderbaum's laboratory passed radiolabeled and 

lysostaphin-digested Cowan 1 cells across a type I collagen-affinity column .. 

They obtained a protein (125-130 kD) that was identified, by autoradiography, as 

the protein responsible for collagen binding [Holderbaum, D., Isolation of a Col

lagen Binding Protein from S. aureus. Abs. #12, Molecular Mechanisms of 

Microbial Adhesion, Gulf Shores, AL, 1988]. However, Switalski's group was 

unable to reproduce these findings (using type IT collagen). They were success

ful however, by anion exchange and gel-filtration techniques in isolating a 

protein (Mr of 135 kD) reactive to antibody raised against a collagen binding 

strain. The immunoreactive protein was detected on several collagen-binding 

strains, but not on a non-binding strain. 

The protein, termed "collagen-receptor" 3, has a structure similar to that 

·presented in Figure 3 (personal communication with Lech Switalski, Ph.D.). It 

possesses three highly repetitive domains that probably represent the active 

recognition site for collagen. The receptor has a high gly~ine content (personal 

communication with Daniel Holderbaum, Ph.D.) that may account for its suscep

tibility to lysostaphin degradation. 



Figure 3. Collagen Receptor of S. aureus 

Proposed structure of the collagen-receptor ofS. aureus. Starting from 
the amino tenninal: a signal peptide (S); a domain that bas no known 
role (A); and three highly repetitive domains (Bl, B2, and B3) that are 
responsible for collagen binding. (W) refers to cell-wall and (M) for 
membrane-spanning regions that exist near the carboxy tenninus. 

* This scheme was presented by Lech Switalski, Ph.D., while addressing a conference 
entided: Microbial Adhesion and Invasion in Panama ~ity, Fl., Oct. 26, 1990. 
Permission to use this figure was obtained from Dr. Switalski. 
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The collagen receptor recognizes a common binding site that exists 

among several collagens. Otherwise, it is difficult to explain the complete lack of 

specificity of binding between these different proteins, each with different amino 

acid sequences and glycosylation. 

To date, the gene(s) for the collagen receptor has not been isolated, 

cloned, or sequenced. Results from the Holderbaum study suggest that collagen 

binding is not inducible in strains that do not bind to collagen 64• The possibility 

that collagen binding is a pl_asmid-mediated characteristic seems possible, be

cause of the dichotomous distribution of binding among strains, e.g., present or 

completely absent in non-binding s~ains. However, the location, plasmid vs. 

chromosomal, for collagen re~eptor gene has not been established. 

Collagen Adherence by other cell types. Several bacteria, besides S. 

aureus, _express collagen receptors. The list includes: Streptococcus pyogenes, 

other streptococci and Yersinia enterocolitica 72, 73. It is," therefore, possible 

that collagen binding represents a general mechanism for bacterial adherence to 

human tissue. However, little is known about mechanisms used by these 

microorganisms to bind collagen. 

More is known about mechanisms of collagen binding among eukaryotic 

cells, e.g. fibroblasts. Fibroblasts bind directly to type I collagen via specific 

receptors, termed "integrins", that link the cell-surface to collagen 68. Cell

specific recognition domains are present on individual collagen a 1 [I)-chains 70. 

These domains possess the argnine-glycine-aspartic (RGD) cell-attachment se

quence 70. In addition, an indirect mechanism has been shown in the ability of 

fibroblasts to bind collagen. The serum glycoprotein, fibronectin, binds both to 

collagen and the cell. In the process, the cell becomes loc-alized to collagen. · 
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Again, the -location of the fibronectin-binding domain (on collagen) is the a 1 [I)

chain 68• Similar sites have been identified recer:tdy located on homologous 

regions of a1[ll]-chains 69. 

C. Objectives of the Project: 

a. Clinical Relevance. Determine if significantly more clinical S. aureus os

teomyelitis isolates agglutinate type I collagen-coated particles when contrasted 

to isolates from other tissues. 

b. Transposon Mutagenesis. Isolate a mutant by transposon-mutagenesis. 

The mutant must display reduced collagen-binding, attributable to a Tn551-

insertion, and be otherwise isogenic with the parental isolate. 

c. Binding Kinetics. Show that the parent strain, used for mutagenesis, has 

· ·strong collagen-binding characteristics. Conversely, show that the mutant has a 

· reduced binding affinity for type I collagen. 

d. Collagen Adsorption Studies. Contrast SDS-PAGE profiles of supernatant 

solution and adsorption mixtures containing purified tYJ>e I collagen and S. 

aureus. 

e. Bone Matrix Protein Adsorption Studies. Isolate bone matrix proteins 

from mature rat tibiae. Contrast SDS-PAGE profiles of adsorption mixtures con

taining bone matrix proteins and S. aureus.· 



MATERIALS AND MEmODS 

A. BACTERIAL STRAINS: 

Osteomyelitis Isolates: I appreciate the assistance of Jon T. Mader, 

M.D. (Univ. of Texas Medical Branch at Galveston, TX), who provided his collec

tion ofS. aureus clinical isolates. The collection included strain #16thatwas 

chosen eventually for mutagenesis. Each isolate was piopsied fr~m os

teomyelitic human bone (personal communication with Dr. Mader). In addition, 

several local osteomyelitis isolates were obtained. These were kindly provided 

by Gordon Smith, M.S., V .A. Microbiology Laboratory (VAMC, Augusta, 

Downtown Division). 

Selected laboratory strains, each from infected human bone, were chosen 

for analysis. S. aureus strain SMH was provided by C.W. Norden, M.D. · 

(Montifiore Hospital, Pittsburgh, PA). This bone pathogen was used in animal 

models of osteomyelitis 74-76• The Smith strain capsular variants were 

provided by B. J. Wilkinson, Ph.D. (Illinois State Univ, Bloomington, IL) 77• 

S. aureus strain Cowan 1 (ATCC 12598) was obtained from the 

American Type Culture Collection (Rockville, MD). It was isolated from a patient 

with septic arthritis 78, and the strain binds avidly to sever~l collagens 10,11, 

fibronectin .79 and laminin 25 .. 

Other Clinical Isolates: Jolin Steele, M.D., Ph.D. (Medical Director, 

Clinical Microbiology Laboratory, Medical College of Georgia, Augusta, GA) 

kindly provided the "other" S. aureus isolates. The "sources" were: 

16 
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bronchial, nasal, sputum, urine and blood. The source was defined as the tissue 

or body fluid.from which the isolate was cultured originally. It was identified 

from laboratory records. 

The laboratory strain, S. aureus Wood 46, was obtained from the ATCC 

(# 10832). This strain has low affinity for both fibronectin and collagen 58. 

Culture and Enumeration: All S. aureus.were maintained in Brain 

Heart Infusion broth (BHI, Oxoid, Basingstokes, ~ngland) at -70° C in 1 m1 

cry~vials. Viable cells were obtained from the primary frozen cultures by stab

bing with a sterile needle. Staphylococci were then placed in 10 ml of BHI 

(unless otherwise specified) and cultured at 3-r> C with aeration by horizontal 

shaking. Incubation was for 3 hours to obtain log-phase growth. One m1 of the 

culture was then transferred to 50 ml of fresh BHI and the culture was incubated 

further for 16 h. In some experiments cfu were subcultur-ed onto BHI-agar · 

(2%). The latter enhances expression of surface proteins 80• 

Bacterial cells were washed twice with 50 mM phosphate buffered saline 

(50 mM, pH 7.2) (PBS). For radiobinding studies, bacteria were washed in 50 

mM Tris containing 0.9% NaCI. All centrifugation was done at 3000 x g for ap

proximately 15 min using an IEC model HN-S table top centrifuge. A 

refrigerated Sorvall RC-5 centrifuge was used when large volumes of bacteria 

were washed. The bacterial pellets were resuspended in predetermined 

volumes of buffer. This "stock" suspension was used for estimation of cfu/ml. 

Stanc;lard "growth curves" were developed using cells of strains Cowan 1, 

# 16 and Wood 46. This allowed for rapid enumeration of cells. Absorbance 

values <As40 nm) were determined using a spectrophotometer (Spectronic 21, 

Bausch and Lombe) and a quartz cuvette (1 em light path). For direct assess-



ment of cfu, known volumes (e.g., 10 ~£1) of stock culture were spread onto 

BID-agar. Individual colonies were counted the next day. Bacterial concentra

tions were calculated and expressed as cfu per mi. 
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B. COLlAGEN: Samples·oflyophilized acid-soluble type I collagen from calf 

skin (ICN, Costa Mesa, CA) were dissolved overnight in sodium acetate (500 

mM, pH 4.8) at 4° C 81. For production of gelatin, soluble skin Cnl was 

hydrolyzed in a hot water bath (80° C, 30 min). Bovine acid-soluble type II col

lagen (nasal cartilage) (1 mg/ml) was purchased from Southern Biotechnology 

Associates (Birmingham, AL). 

For use in c~llagen agglutination assays, polystyrene beads (10% 

aqueous, 0.8 J,£ni, Lot # 109F0793, Sigma Chemical Co., St. Louis, MO) were 

washed three times in 50 mM Na2co3 (pH 9.6) and passively-coated with type I 

collagen (or specified protein) for 18 hours at 4° C (251-'g/50 1£1). The next day, 

the mixture was washed twice in PBS containing 0.1% bovine serum albumin. 

For testing, wells ofgla5s-ringed slides (Scientific Products, Stone Mountain, GA) 

received mixtures of S. aureus and collagen-particles. The optimal working

dilution of collagen-particles was determined in a checkerboard titration assay. 

Usually, a 1:40 particle dilution yielded a maximal reaction for the Cowan 1 

control strain. 

For the S. aureus to be tested, several colonies of the isolate, cultured on 

BID-agar, were· removed using a handheld loop .. The bacteria were placed in 1.0 

ml of PBS. The stock suspension was adjusted so that the final concentration 

was 1 x 1010 cfu/ml. 
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In the assay, collagen-coated particles (25 J,£1) and cells of S. aureus (25 J.' 

were mixed in slide-wells using an applicator stick. Incubation followed for 3 

minutes on a shaking horizontal platform (SMI, Model 2600) at room tempera

ture. Wells were scored 0 - 4 + for the intensity of clumping. A score of zero was 

given if no clumping was seen; 1 + and 2 + scores referred to small clumps 

which took at least three minutes to develop; 3 + and 4 + scores referred to 

large clumps, that in the case of a 4 + score, developed rapidly. As shown in 

Figure 4, the reproducibility of scores, from independent assessments by two 

laboratorians was high (r = 0.93). Higher precision was apparent for scores of 

0 and 4 +. All testing was done in triplicate. The source of the isolate was not 

known to the laboratorian who scored the reaction. 

Soluble collagen used in binding studies was radioiodinated by 

chloramine T 82. For this, collagen (100 #J.g), Na125Iodine (0.5 mCi)(Amersham 

Corp, Arlington Hts., IL) and chloramine T (100 ~J.I, 1 mg/ml) were gendy mixed 

together in an ice bath (10 min). The reaction was stopped by the addition of 

sodium metabisulfite (100 ~J.I, 1 mg/ml). Nal (100 #J,g) was used to rinse the 

reaction vessel. The mixture was passed through a gel filtration column (PD.;lO, 

Pharmacia, Uppsula, Sweden), previously equilibrated with PBS-BSA (2%), and 

three 2 ml fractions were collected. For the determination of specific activity or 

radiolabeled collagen, 5 111 aliquots from fraction IT were. added to PBS-BSA 

(100 J,£1) and placed in tubes containing 1 ml ofTCA (10%). Tubes were in

cubated for 30 min at 26° C. The insoluble material was centrifuged and the 

pellet dissolved in 0.1 M NaOH (1 ml). Triplicate aliquots (too· #J,l) were 

counted for gamma radiation in a model 



Figure 4. Cllnical S. aureus and collagen-particle agglutination. Correlation of 
scores between two laboratory workers. 

Collagen-coated particles were prepared by passive adsorption of skin 
type I collagen onto polystyrene beads. The coated particles were diluted 
1:40 in PBS and 25 J.£1 of the suspension added to slide-wells containing 
cells of S. aureus (25 J.£1, ca. 1 x 1010 cfu/ml). After gentle mixing for three 
minutes at room temperature, the suspension was graded for the inten
sity of clumping: e.g., a score of zero was given, if no clumping; 1 + and 
2 + for small clumps (slow to develop); 3 + and 4 + for fonnation of large 
clumps, which in the case of a 1 + score, developed rapidly. Two 
laboratory workers independently scored eighty reactions. The scat
tergram shows the correlation between the scores assigned. Least 
squares regression analysis using a computer and Quattro Pro software 
. (Borland), yielded the equation: y = 0.239 + 0.90 (x), r = 0.93. 
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Gamma 4000 counter (Beckman, Irvine, CA). Specific a~vities ranged from 800 

to 2000 cpm/ng of collagen (33 ng/ ~1). Radioiodinated type IT collagen and 

fibronectin were prepared similarly. 

In the 125I-collagen binding assay, cells of S. aureus (3 X 1o9 cfu/ml, 1 ml) 

were washed with 50 mM Tris c<;>ntaining 0.9% NaCI (pH 7.8) (Tris-NaCI) and 

placed into two polypropylene tubes \A" and "B'') containing 75 ~I ofTris-NaCI 

(''A'') or 75 ~I (ca. 500 ~g) of unlabeled collagen (''B''). To both tubes, 5 ~I (165 

ng) of radiolabeled collagen was added, thus producing a final volume of 1080 

~1. All testing was done in·triplicate (3 x 2 = 6 tubes)~ .In the assay, mixtures 

were incubated for 45 min· at room temperature (ca. 26° C) on a platform shaker 

and centrifuged (15 min, 12,500 x g). The supernatant solution was carefully 

aspirated and discarded. The bottom portion of each tube, containing the bac

terial pellet, was cut-off and placed in a vial for gamma counting (Beckman 

Model 4000). An estimation of "specific binding" was made for the parallel tubes 

by subtracting the non-specific cpm (''B'') from total cpm (''A j. Results are ex

pressed on a "per-ml" basis (e.g., cpm x 1000 ~1/1080 ~1). 

C. MUTAGENESIS: The s, aureus strains, plasmid and transposon used for 

mutagenesis were provided by Jean C. Lee, Ph.D. (Channing Laboratory, Bos-
, 

ton, MA) 83. S. aureus strain RN450 contains no plasmids 84 or phage 85 and was 

used only to propagate transducing phage 80a 85. S. aureus strain RN4116 har

bors the plasmid, pRN8078. pRN8078 is a self-replicating plasmid, sized about 

13 kb, that encodes for resistance to tetracycline. Its temperature-sensitive 

rep Iicon is inactive at 42°C 83. pRN8078 also carries the transposable element, 

Tn551. 
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Transposon Tn551 (5.2 kB) is a Class IT transposon that has a marker 

gene that encodes for resistance to erythromycin 86,87. Tn551 encodes for a 

methylase that confers erythromycin resistance. Tn551 is a mobile DNA element 

that can randomly insert itself into the staphylococcal genome thereby inactivat

ing gene transcription 88'89. Tn551 carries a single endonuclease cleavage site 

for Hpal and Xbal, and two Bgffi sites97. 

For mutagenesis, soft-agar overlays (0.5%) of strain RN450 (log phase, ca. 

2 X 108 cfu/ml)(gr~wn in trypticase soy broth with 0.001 M calcium) were 

added onto TSA-agar and cooled. Dilutions of phage suspension were added 

and incubated overnight at 37°C. The plaque forming units (pfu) that formed 

were about 8 X 1011 pfu/ml. For the propagation of phage 80a, cultures of 

RN450 (108 cfu) were grown on cation-supplemented trypticase soy broth (TSB, 

0.001 M CaC12) (Figure 5 A). The culture was incubated until lysis was complete. 

The lysed bacterial cells were removed by centrifugation and phage particles, lo

cated in the supernatant solution, were collected in the filtrate of a Millipore fil

ter (0.22 J,£m). 

Transduction (FigureS B): StrainRN4116 (containingpRN8078) was 

cultured in 50 ml ofTSB (supplemented with potassium and dextrose) for 3 hr, 

and infected with phage (pfu:cfu, 1:1, at 30°C). After bursting (90 ~in), phage 

particles were collected (as above) and used at 1:1, 10:1 and 20:1 pfu:cfu ratios 

to infect cells of the parental (strain #16) isolate (Figure 5 C). Strain# 16 was 

grown in TSB/KD at 3-,o C with shaking (108cfu/ml). Incubation was at 30° C 

with shaking. Aliquots were removed at 1/2 hr intervals and agar subclones as

sessed for tetl" and erf (5 J,£g/ml). Three colonies were identified that grew in 

the presence of both antibiotics (30° C and 36 hours incubation). 



Figure 5. Mutagenesis Protocol: 

A The transducing phage 80 a was added to S. aureus strain RN450 
which was used for propagation of phage. B. Phage particles were col
lected from lysed bacteria and used to infectS. aureus strain RN 4116. 
This strain carries plasmid pRN8078, which in tum carries transposon 
Tn551. The 13 kB plasmid confers resistance to tetracycline and bas a 
temperature sensitive rep/icon. The transposon confers resistance to 
erythromycin. C. Transduction of wildtype strain # 16 chosen for 
mutagenesis yielded tereryf subclones (transductant intermediates). D. 
Growth of these cells at the nonpennissive temperature for plasmid 
replication yielded numerous subclones resistant to etjr, but tees. The 
subclones were individually screened for the ability to agglutinate col
lagen coated particles (not shown). 
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The erf,tef transductants were cultured in TSB with shaking at 30° C to 

an ~40 of 0.2 and transferred to 42°C (Figure 5 D). The cells were then cul

tured to an ~40 = 0.98. At this temperature, plasmid replication was inhibited. 

Platings on BID/ery (2.5 J£g/ml) and BID/tetyielded numerous·erf,tet5 clones. 

For screening, forty-eight hundred colonies of S. aureus # 16 erftet5 

were individually transferred using steril~ toothpicks to wells of sterile 96-well 

microtitration plates (Immulon) containing cation supplemented BID broth with 

erythromycin (200 J£1, 5J£g/ml). ·Plates were covered and incubated at 3-,o C for 

18 h. Aliquots (3~£1) were transferred_ using an MIC-2000 96 channel inoculator 

(Dynatech, McLean, VA) to a second U-bottomed _plate which contained Col

beads (1:120 PBS with 0.05% Tween 20, 100 J£1). Plates were shaken (5 min) 

and beads allowed to settle without agitation for 16 hours at 4° C. A diffuse, ir

regular pellet was considered positive for Cnl agglutination and a tight, circular 

pellet was scored as negative. 

DNA Isolation: Washed bacterial pellets from log phase ~cultures of S. 

aureus # 16, NB1 and RN4116 (log phase) were digested with lysostaphin (1 

J£g/ml) in Tris (10 mM) EDTA (1 mM) buffer (TE, pH 7.4) at 37° C for 60 min. 

The digestion mixture received 10% SDS (1 ml) and was heated to 60° C then 

diluted using 2 vol ofTE. Cesium chloride (1 gm/ml) and ethidium bromide 

(0.5 ml, 10 mg/ml) were added and the mixture kept in the dark. Centrifugation 

(40,000xg, 48 hours) banded the genomic and plasmid fractions (A260 = 50 

J£/ml). Genomic and plasmid DNA (approximately 1J£g) were digested 90 with 

EcoRI and BamHI under salt and temperature conditions suggested by the 

manufacturer. The DNA digests were electrophoresed in a 1% agarose gel and 
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banding assessed under UV. Southern transfers were done under stringent con

ditions to nitrocellulose. Hybridizations and autoradiography were· done using 

established methods 91. The DNAs were probed with labeled Tn551 DNA (0.5 

#-'g). 

Probe: A Tn551 specific element was isolated from pRN8078 by digestion 

with Xbai and Hpai 92. The fragment was isolated in low melting point agarose 

and labeled with 32P-dCTP (ICN, Radiochemicals, Irvine, CA) using an 

oligonucleotide labeling kit (Pharmacia, Inc., Piscataway, NJ.) to specific ac

tivities near 108 cpm/ 1-'g of DNA /mi. 

Identification: Commercial kits used for identification of S. aureus in-

eluded: Staphyloslide (BBL), Staph-Ident (Analytab Prod.), Staph Trac (API). 

We appreciate the assistance provided by Wesley Kloos, Ph.D. and Tammy Ban

nerman (Dept. Genetics, North Carolina State Univ., Raleigh, N.C.) for biochemi

cal, enzymatic and plasmid analysis. For colony morphology, Sheep-Blood (5%) 

agar was streaked for isolation of colonies. Plates were incubated at 37° C (2 

days) and transferred to 26° C (3 d) before examination. Isolated colonies were 

examined for pigmentation and shape. For MIC, microtiter-wells received dilu

tions of erythromycin in BHI. S. aureus (1 o8 cfu) were added. After incubation 

at 37° C (16 h), the highest dilution with growth was determined. 

D. BONE MATRIX PROTEINS: Outbred adult male Sprague Dawley rats (ca. 

350 g) (Harlan Labs, Indianapolis, IN) were housed and maintained at the 

animal research facility of the Veterans Administration (Downtown division), 

Au'gusta, GA. Rats were sacrificed by carbon dioxide asphyxiation. Tibiae (n = 

16) were excised, the epiphyses were removed, and each 



metaphysis and midshaft was scraped-free of adherent cartilage and muscle. 

Bones were pooled, wash~d extensively at 4° C in PBS containing the protease 

inhibitors (1 mM phenylmethyl sulfonyl fluoride, 5 mM benzamidine-HCl and 

0.1 mM amino caproic acid), frozen in liquid nitrogen, an~ ground to powder 

using a chilled mortar and pestle (-70°C). 
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For extraction of bone matrix proteins, stirring at 4° C was done for 24 h 

in a denaturing solvent consisting of 4 ·M guanidine-HCL, 0.05 M Tris and the 

above protease inhibitors. This first extraction removed proteins located in the 

nonmineralized bone compartments 55. The insoluble mineralized residue was 

rinsed three times with 100 ml of fresh guanidine-HCI. Afterwards, the same 

solution containing 0.5 M EDTA was added and incubated at 4° C for 48 h. The 

EDTA-extract was collected, filtered (Whatman #1 filter paper), concentrated 

(Amicon Centriflo, 25 kD exclusion) and dialyzed extensively against Tris-NaCl 

(0.9%). Total protein was determined by a modification of the procedure of 

Lowry et al. 93. Samples were stored· at -70° C. 

Adsorption: For adsorption experiments, agar colonies of S. aureus 

were placed in Tris-NaCl plus protease inhibitors, washed three times and ad

justed to 3.0 X 1011 cfu/ml (5 ml). One ml of the suspension was placed in each 

of five tubes and centrifuged. The ~upernatants were discarded and in the first 

tube, replaced with a solution containing type I collagen to (25 J,Lg/ml). The pel

lets of the other four tubes were placed on ice until they were used in subse

quent adsorptions. Separate experiments used solutions of bone matrix protein 

(75 J,Lg/ml). Control tubes consisted of tubes with ligand-only or bacteria-only. 

Each incubation was for 10 min at 4° C on an inversion mixer. .M the end of 
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the incubation, each tube~ centrifuged (3000 x g, 15. m) and the supernatant 

was carefully removed so as not to disturb the pellet. The supernatant solution 

was transferred to another tube containing bacterial pellets. This procedure 

was repeated five times. At the end of each adsorption, tubes were inspected for 

flocculation. After the last adsorption, the supernatant was collected and frozen 

at -70° C. For SDS-PAGE assessment of electrophoretic profiles of supernatant 

containing residual (unbound proteins), samples (900 J,£1) were concentrated by 

ultrafiltration (Amicon Centriflo membranes, 30 kD). Identical volumes (50 J,£1) 

were used. 

Direct assessment of ligands bound by S. aureus was also done. One ml 

solutions of 4 M potassium isothiocyanate (KSCN) were added to pooled and 

washed bacterial pellets (collected and pooled from five adsorptions). The 

suspensions were incubated for 18 hr at 4° C on an inversion mixer. The cells 

were then removed by centrifugation and the supernatant solution collected. 

The eluted proteins were dialyzed (three d.ays and three changes of a 1000-fold 

volume ofTris-NaCl). The beginning and final sample volumes were measured 

and were usually 0.9 mi. Samples were then concentrated by ultrafiltration 

(Amicon 30 kD) and used in SDS-PAGE under reducing conditions. 

SDS-PAGE: The apparent molecular weight and percentage composition 

of proteins in various extracts were determined by discontinuous SDS-PAGE 

under reducing conditions (Hoeffer Model SE 500 slab-gel Apparatus). Separat

ing and stacking gels were: 5% and 10% and 3.0%, respectively. SDS buffers and 

other reagents were described by Laemmli 94• SDS-PAGE High Molecular Stan

dards (BioRad) were placed on one lane of each gel. 
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Samples were prepared by boiling (5 min) in a buffer containing SDS 

(10%), Tris (62.5 mM, pH 6.8), 2% p-mercaptoethanol, 10% glycerol and 0.1% 

bromphenol blue. The samples were then applied to stacking gel-lanes using a 

Hamilton syringe. Sample volumes ranged from 5 to 50 J£1, and were adjusted to 

similar protein concentrations for experiments using gel-scanning protocols. 

Electrophoresis was conducted at 25 rnA per gel (12 x 17 em) for approximately 

8 hours. Tap water was used as the coolant. 

After electrophoretic separation, tlie gels were fixed with 12% TCA for 1 

hour. Gels were stained with Coomassie Blue-R250 (0.05%) or Alcian Blue 

(0.25%). Gels were decolorized with mixtures containing methanol, acetic acid 

and distilled water (3:1:7). 

The Mr of selected bands was determined from plots of the Rc (percent 

relative mobility, mm sample/mm dye front* 100%) against the log10 kD of 

known high molecular weight SDS standards. The resulting standard curve al

lowed linear regression calculations of the apparent molecular weights of in

dividual proteins. For densitometric estimation of the relative percentage com

position of individual proteins, selected gels were scanned with a gel-scanner 

(Shimadzu Model, CS9000) at ~90. The percentage of the area under the curve 

(AUC) was determined for each major peak. 



RESULTS 

A. COUAGEN AGGLUTINATION BY CUNICAL ISOlATES: Clinical isolates 

of S. aureus from a variety of infections and colonization sites were assessed for 

their ability to agglutinate beads coated with type I collagen (Cnl). An agglutina

tion score for each isolate is shown in the scattergrams of Figure 6 A and 6 B. 

The mean and standard error for the strains was 1.25 .±. 0.12 (Figure 7). The 

95% confidence interval for these results was 1.01 - 1.48. A score~ 2 was con

sidered a positive reaction, since this value was above the upper confidence 

limit of 1.48. 

~ shown in Table I, 54 of 161 isolates (34%) agglutinated collagen. Chi

Square testing of independence using a 2x7 .contingency table, created from 

Figure 6 B, indicated that the ability to agglutinate type I collagen-coated beads 

differed among isolates from different sources. This means there was a nonran

dom distribution of the property of collagen agglutination in the various groups 

of these isolates (Chi-Square = 16.13, p < 0.01, 6 df). 

Since agglutination of Cnl-beads differed with respect to the isolate 

source (or site), the means of agglutination scores of the strains from various 

sources were compared. As shown in Table I and Figure 7, Cni-bead agglutina

tion was greatest (compared to the other strains) in bone isolates (p = 0.0006), 

blood isolates (p = 0.09) ·and strains obtained from patients with toxic shock 

syndrome (p = 0.07). S. aureus strains isolated from sputum (p = 0.04) and 

urine (p = 1.0) had agglutination scores lower than the population mean. 

29 



Figure 6. Agglutination of collagen-coated particles by clinical isolates of S. aureus: 

Using the assay conditions described in Figure 4, 161 clinical isolates of 
S. aureus were tested for their ability to agglutinate collagen. The dis
tribution of scores for the tested population is shown for (A): all isolates 
tested (independent of source) and (B): the source of the isolate. 
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Figure 7. Mean Scores of Source Groups. 

Collagen agglutination scores (mean ± SEM) are shown for S. aureus iso
lates from various infections or colonization sites. The shaded area rep
resents the upper (1.48) and lower (1. 0 1) 95 % confidence interval for the 
sample population mean. 
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Table I. Cliriical Source and Collagen Agglutination. 

The number of isolates that agglutinated collagen-coated beads is shown. Also 
shown are the percentages of positive outcomes (by source group) and the in
dividual group means. 
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Pos Neg 0/oPos Mean p score* 

Tissue/Septicemia/Pathogen: 

Bone 26 15 63 2.3 + ,_ 0.19 0.0006 
Blood 5 7 41 1.5 + ,_ 0.45 0.09 

Toxic Shock 9 8 53 1.8 + ,_ 0.43 0.07 
Superficial/Body Fluid/Not pathogen: 

Bronchial 5 17 23' 0.9 + ,_ 0.33 n.s. 
Sputum 6 37 14 0.6 + ,_ 0.18 0.04 

Nasal 3 15 17 0.8 + ,_ 0.32 n.s. 
Urine 0 8 0 0 + ,_ 0 1 

54 107 34 1.3 + ,_ 0.12 * 

*;one tailed t test, p<0.1 
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These experiments established that S. aureus isolates obtained from in

fected bone often have the ability to agglutinate collagen-coated particles. Al

though the screening results established some clinical relevance for the research 

hypothesis, studies which discern the binding to individual bone ligands require 

development of suitable binding assays that use purified radiolabeled ligands 

and an appropriate strain. Because a strong ( 4.+) score was obtained with iso

late # 16, among the Mader osteomyelitis collection, and Qecause it was suscep

tible to markers of transposon mutagenesis, it was chosen for studies on 

collagen-binding, in vitro. 

B. ,COLlAGEN-BINDING ASSAYS: A time-course assessment of collagen bind

ing to S. aureus is shown in Figure 8. As shown, 1251-labeled soluble type I col

lagen pelleted with cells of S. aureus strain # 16, but not with Wood 46. Ap

proximately 50 % of the total increase in radioactivity occurred within 15 min. 

After 45 minutes, there was no further increase in the total amount of binding to 

the staphylococci. Based on these results, many of the subsequent experiments 

were conducted using a 45 minute incubation. 

To determine the optimum amount of bacterial cells for subsequent bind

ing assays, dose-response curves, similar to the one sho~ in Figure 9, were 

constructed. As shown in this experiment with S. aureus strain #16, 3 x to9 

cfu/ml produced near maximal binding of 990 ng/ml of Cnl (a concentration 

near saturation). For this reason, log10 9.0- 10.0 cfu/ml were used in many of 

the subsequent assays. 

As shown in Table II, other collagen-binding strains gave similar levels of 

binding using cell concentrations in this range. The non-binding Wood 46 

strain was easily distinguished from strains that bind collagen (p < 0.001). 



Figure 8. Time-Course of Collagen Binding 

In an 1251-collagen binding assay done in vitro, cells ofS. aureus were 
added to 50 mM Tris-NaCl (0.9%) buffer (pH 7.5) to a final concentration 
of 3 x Jo9 cfu/ml (1 ml). Radioiodinated soluble type I skin collagen (5 
J.!.l, 33 ng/ul) was then added. Nonspecific binding was determined in 
parallel by the addition of at least a 1 00-fold excess of unlabeled col-
lagen. Incubation was carried out at room temperature with constant 
agitation on a platform shaker. At the designated intervals, triplicate 
samples were centrifuged (12,000 x g) and the supernatant solution care-
fully removed by aspiration so as to not disturb the pellet. The bottom 
portion of each tube, containing the bacterial pellet, was cut off and 
placed in a vial for gamma counting. An estimation of ''specific binding" 
was made in parallel tubes by subtracting the non-specific cpm from to
tal. Results are shown on a "per-ml" basis (e.g., cpm x 1000 JJ.l/1080 JJ.lJ. 
The plot shows specific cpm obtained from sample mixtures containing 
cells of strain # 16 (circles), or Wood 46 (triangles). 
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Figure 9. Dose-Response of Collagen Binding 

Cells of strain #16, at log cfu/ml strengths shown on the x-axis, were 
added to Tris-NaCl and radioiodinated soluble type I collagen of skin 
(990 ng/ml) using assay conditions described in Figure 8. Counts per 
minute, associated with the bacterial pellet, were measured after a 45 
minute incubation. 
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Table II. 125I-Collagen Binding, Strain Comparisons. 

Cells from four strains of S. aureus were compared in a 125 /-collagen binding 
assay. Cells were adjusted to similar cfu/ml (J'ris-NaCl). and 330 ng/ml of 
labeled collagen was added. The conditions of the assay conditions were 
described in the legend of Figure 8. Specific-binding was measured after 45 
minutes. The table shows the amount of collagen bound(*, ng/ml) by the 
studied strains(**, one tailed t test and p < 0.01, df = ~· · 
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Strain: Collagen(*) Dose 
Bound cfu: 
(nglml) (log/ml) p score(**) 

#16 241 9.7 ----
Cowan 1 218 10.1 n.s. 

SMH 200 9.6 n.s. 
Wood46 22 9.5 <0.001 



Collagen binding by strain # 16 followed a Michaelis-Menton pattern 

(Figure 10). Binding was 15t-order at low collagen levels but zero-order at 

higher concentrations. This suggested saturability~ Maximal binding, deter-
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. mined from the reciprocal of the slope of a Hanes "half reciprocal" plot (Figure 

10, Inset), was 331 ng/ml. The dissociation constant (K~, determined from the 

negative value of the x-intercept, was 157 ng/ml (5.2 X 10·10 M). 

From these data, the conclusion was made that the human bone 

pathogen, strain # 16, demonstrated a ·strong collagen-binding characteristic with 

high affinity and saturability. Thus, preliminary studies were initiated using 

strain# 16 and the temperature-sensitive plasmid used in mutagenesis. 

During one preliminary study, it was found that binding of type I collagen 

was reduced if cells were cultured at elevated temperature. As shown in Figure 

11, collagen-binding was four-fold lower for cells cultured at 42° C, compared to 

cells cultured at 37° C (one tailed T = 5.39, p = 0.003, 4 df). 

This observation was extended to some of the osteomyelitis isolates test

ing positive for collagen-binding (Figure 12). Using the collagen-bead assay, 5 of 

7 isolates that agglutinated collagen following culture at 37° C, were "negative" 

when cultured at 42° C. 

This phenotypic expression of collagen-binding was readily reversible. 

Nonaggtutinating cells of strain # 16 regained the ability to agglutinate Col

coated beads. This is shown in Figure 13 A Conversely, agglutinating-colonies 

lost the phenotype after subculture for about 3 generations at 42° (Figure 13 B). 

The temperature-sensitivity phenomenon did not occur when cells were cul

tured at 



Figure 10. Collagen Binding, Strain #16. 

Cells of strain #16 (3 x Jo9 W'/ml) were added to Tris-NaCl containing 
various concentrations of 1 1-type I skin collagen. The saturability of 
binding was assessed after a 45 minute incubation and assay conditions 
described in Figure 8. Inset: A Hanes ''half reciprocal plot" is shown 
from results of the binding curve. The equation of the least squares fitted 
line, derived by computer analysis (Quattro Pro, Borland), was: y = 0.47 
+ 0.003 (ng/ml); R2 = 0.98. The x-axis shows ng/ml of collagen added 
and they-axis shows ng/ml Added+ ngjml Bound. 
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Figure 11. Temperature-sensitivity of Collagen-binding (Strain.#16) 

· Strain # 16 was cultured in BHI broth with mixing by inversion for 16 
hours at the two temperatures described. Cells were washed and ad
justed· to 1 x 1tP cfu/ml in Tris-NaCl. The two cell populations were con
trasted in the 1251-collagen binding assay using assay conditions shown 
in Figure 9. The mean value of specific cpm from three assessments is 
sh~ on they-axis (. + 1 S.D.). 
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Figure 12. Tempe~ture Sensitivity of Cnl Agglutination (Strain Comparison) 

Seven collagenrbinding isolates of S. aureus from osteomyelitic human 
bone were assayed for their ability to agglutinate collagenrcoated par
ticles. Cells of the isolates were cultured at 3-r> C (open bars), or at 42° C 
(solid bars). The conditions of the slide-agglutination assay and scoring 
of results are described in Figure 4. 
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Figure 13 A. The Reversibility of Temperature Sensltivity (Temperature-induced 
Recovery 

Cells of S. aureus strain # 16 were culturt!d ovemight in BHI at the non
permissive temperature of 42 ° C, and assayed for the property of col
lagen agglutination in a tube assay. Washed. cells were suspend~d in PBS 
(3 ml) containing ca. 1tP cfu/ml (A540 = 0.4). The bacteria were 
centrifuged and the supernatant solution replaced with 3 ml of 
collagen-coated particles. Cells and particles were mixed by inversion at 
room temperature for fifteen minutes. Aliquots (1 ml) were removed 
every five minutes and A54Q values determined{A). Results are expressed 
as, final absorbance/ origz.nal absorbance x 100 %. Clump fonnation, 
due to collagen agglutination, .caused an increase in light-scattering 
(decreased absorbance). Thus, a curve showing a steep slope was indica-
tive of collagen agglutination. · 
After readings were obtained from cells of the original population (1 00 % 
parent) (A), these cells_ were diluted (1: 1) in pre-warmed BHI broth at the 
permissive temperature of 3-r> C. Incubation in BHI followed at 3-r> for 
ca. 50 min, until culture absorbances were equal to original absorbance 
value, i.e., similar cfu/ml. This method produced a new population of 
cells that bad a 50% reduction in the percentage composition of parental 
cells, i.e., 50% of the cells were progeny. The agglutination assay was 
repeated (B). Likewise, following a second incubation in BHI at the per
missive temperature, 75% of the cells were progeny (C). The control ( +) 
shows cells cultured for 16 b at 3-,o C. : 
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Figure 13 B. The Reversibffity of Temperature Sensitivity (Temperature-induced 
Loss of Cnl Agglutination) . · · 

Cells of S. aureus strain # 16 were cultured overnight in BHI at the per
missive temperature for collagen binding of 3-,oc. Cells and collagen 
coated particles were mixed together and the tube agglutination assay 
done under the conditions described in Figure 13 A However, after read
ings were obtained from cells of the original population (100% parent) 
which showed a steeper slope suggestive of agglutination (A), cells from 
the population were transfen-ed to prewanned BHI at~ C. Incubation 
followed at the nonpennissive temperature until equal cfu were obtained 
and aliquots tested in the assay to create curve B. Similarly, as shown in 
C, cells with 75 %progeny composition were cultured and tested for ag
glutination. 
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40°C (data not shown). The effect appeared specific for collagen-binding. Other 

major ad~esins, such as those for fibronectin and fibrinogen, were not affected 

by culture at elevated temperatures (data not shown). 

C. MUTAGENESIS:. Six of 4800 transductant colonies, ~mined for agglutina

tion of collagen beads subsequent to Tn551 mutagenesis, gave evidence of 

reduced collagen-binding in the plate assay after overnight settling with particles. 

These colonies gave a tight, circular pellet similar in appearance to that of Wood 

46. All remaining erf colonies produced a diffuse irregular pellet similar to 

Cowan 1, which binds collagen. 

In' confirmatory studies, the six potential mutants were examined for ag

glutination of type I collagen, gelatin (denatured Cnl) and type II collagen in a 

slide assay. All showed a 0 (or 1 +) score compared to the 4 + score obtained 

for parental cells (data not shown). When the six isolates were compared in the 

more sensitive 1251-Cnl binding assay, four of the six boul)d 1251-Cnl to an inter-

. mediate level (data not shown)~ These isolates were not studied further. The 

other two, named NB1 and NB2, gave evidence of reduced collagen-binding. 

At 165 ng of collagen (near the calculated Kd for #16), the amplitude of 

specific-pelletable cpm, when compared to parent, was approximately 30 % and 

16% for NB1 andNB2, respectively (Figure 14). Binding was assessed forNB1, 

using the Hanes l/2 reciprocal plot (data not shown). Collagen~binding by the 

NB1 mutant was saturable with maximal binding near 226 ng/ml (see inset, 

Figure 15). The Kd was 545 ng/ml of collagen (1.8 X 10-9M). 



Figure 14. Collagen-Binding (Parent vs. Mutants). 

Cells of strain # 16 and two collagen-binding mutants were contrasted 
for their ability to bind radiolabeled type I skin collagen (165 ng/ml) 
using the assay conditions described in Figure 9. A one tailed t test · 
(lnstat, GraphPad Software) showed that the levels of Cn/ (ng/ml) bound 
by NB2 were lower than those ofNBl (T = 2.98, p = 0.02, 4 dj). 
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Figure lS. Scatchard Plot 

· Scatchard plot of the results from radiobinding experiments contrasting 
cells of strain #16 (filled box) andNB1 (open box). Linear regression 
analysis, using Quattro Pro software, of the best-fitted lines yielded 
equations for: strain #16; y = 3.91 -1.1 x1o·2 (x), r = 0.93, and for NB1; 
y = 0.29- 6.5 x 10· (x); r = 0. 73. The range (95% confidence) of the 
x-intercept value was 328-388 and 320-440 ng/ml for# 16 and NB1, 
respectively. Inset: Collagen binding curves from a single experiment 
using cells of parent (upper) and NB1 (lower). The x-axis shows the 
amount of Cnl Added (rig/ml), while the y-dxis shows the amount of Cnl 
Bound (ngjml). · · 
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A Scatchard plot, shown in Figure 15, indicated Bound/Free ratios were 

less than 0.3 for mutant cells over a range of collagen levels (y intercept= 0.29). 

The ratios were higher for parent (y intercept = 3.91), as was the curve's slope 

(p < 0.01). This confirmed that the parent's receptor possessed an affinity for 

collagen that was much higher than the mutant. · 

Scatchard analysis also allowed an estimation of staphylococcal binding 

sites, as the plot's x-intercept represents the receptor con~entration 95. Apply

ing Avogadro's number (6.02 X 1023 molecules in one gram-molecular weight) 

and the gram-molecular weight for type I collagen of 285 kD 96, the x-intercept 

value for parent (358 ng/inl, 1.3 X 10·9 M) corresponded to a total binding 

capaci·ty of7.5 X 1014 collagen molecules bound ((6.02 X 1023/ 1 mole) x (1.3 X 

10·9 M)). Because 3 X 1o9 cfu/ml were present, the number of cell binding sites 

is calculated at ca. 250 (7.5 X 1014 / 3 X 1012 cfu/L). 

Linear regression analysis of the Scatchard data was done using Quattro 

Pro software. ForNBl, the x-interceptvahie was 380 ng/ml (confidence interval 

320-444 ng/ml). This was indistinguishable from the parental x-intercept (p = 

0.38). This suggested that receptor density may be similar for both strains. 

However, because receptor affinities differed, it was concluded the mutant had 

an "altered" collagen receptor. 

The accuracy of these calculations is dependent on there being a 1:1 ratio 

of ligand to receptor, a single class of receptor and an absence of cooperativity 

between receptors. Linear regression analysis of the Scatchard curve for parent 

(legend of Figure 15) yielded "a goodness of fit'' of r = 0.93. While this sug

gested a single receptor class, the possibility of a second receptor could not be · 

ruled out. 
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Difference in binding between cells of the parent and the two mutants 

were also observed with radioiodinated type IT collagen (bovine nasal cartilage), 

butnotwith 1251-fibronectin (Fi~re 16). S. aureus #16 strongly bound 1251-

type IT collagen, while cells of both NBJ and NB2 showed reduced binding. 

DNA Analysis: Cells of NB1 and NB2 seemed useful candidates for studies in 

which the ability of a strain to bind Cril was the sole known phenotypic trait af

fected by a mutational event. Studies were undertaken to determine ifNB1 and 

NB2 were mutants of strain # 16 because of Tn551 insertion. 

Chromosomal DNA from # 16, NB1, NB2 and plasmid (pRN8078) DNA 

were each digested with EcoRI and Bamm .endonuclease .. DNA samples, ex

posed to ethidium bromide, were separated on 1% agarose gels and transferred 

by the method of Southern onto nitrocellulose filters 91. Hybridization was done 

under stringent conditions using a Tn551-specific 32-P labeled probe. The. probe 

was prepared from a double digest of plasmid pRN8078 using Hpal and Xbal 92. 

The plasmid yielded two bands on agarose (Figure 17 A, Lane 2), confirm

ing that it had two cleavage sites for EcoRI 83. The bands were sized by 

molecular weight standards (Lane 3) at 9 and 4 kB. Usirig Bamffl. at least four 

bands were seen. When the plasmid EcoRI-digest was transferred onto nitrocel

lulose, only the 9 kB fragment reacted with the probe. This element carried the 

transposon which is 5 kB. Hence, approximately 4 kB of the fragment must be 

plasmid-associated DNA. In several experiments, the fra~ent was cut from the 

gel, labeled and used as probe. 



Figure 16. Binding to Type II Collagen and Fibronectin 

Solutions of either radiolabled type II collagen (Cnll) or fibronectin (Pn) 
were added to tubes containing cells of parent and the two collagen 
binding mutants. Assay conditions were similar to those used to . 

· measure type I collagen binding and are described in Figure 8. Binding 
was measured after 45 min. The specific activities of the radiolabeled 
ligands were 3000 and 9000 cpmjng (33 ngj IJ./) for Cn/1 and Fn, respec
tively. The right y-axis shows the percentage of specific Fn cpm vs. cpm of 
Cowan 1 cells· (used as postive control). · · 



48 

120 

100 

80 
g 
c 
8 

60 ~ ·.p 

40 
·a; 
8. --c· 
~ (J 20 

0 \E 

IR Cnll • Fibronectin 



Figure 17. Southern transfer ofEcoRI-digested DNA 

Log phase cultures of strain # i 6, NB1 and RN4116 were digested with 
lysostaphin under conditions d~scribed in the text, and DNA was 
banded by gradient centrifugation using cesium chloride (1%) and 
ethidium bromide (0.5 ml, 10 mg/ml). Genomic and plasmid DNA 
(approximately 1. /J,g) were digested with EcoR/ using conditions recom-
mended by the manufacturer. · 
(A): Agarose gel electrophoresis: Lane 1, EcoRI-digested DNA from NBl; 

Lane 2, EcoRI.-digested DNAfrom pRN8078 plasmid; Lane 3, molecular 
weight standards (Hind/11-digested lambda phage); Lane 4, EcoRI-
digested DNAfrom strain #16 (parent). (B): An autoradiogram follow
ing hybridization With the_probe. A· Tn551 specific element was isolated 
from pRN8078 by digestion with Xba/ and Hpal. The ,fnagment was iso
lated in low melting point agarose and labeled with 3 i'-dCTP using an . 
oligonucleotide labeling kit. Note that the single band in the plasmid 
DNA (Lane 2) is the plasmid fragment in which the Tn551 transposon 
resides. A corresponding band can be seen in the mutant DNA lane 
(Lane 1) which is absent in the parent strain (Lane 4). 
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Bacteria. EcoRI-digested chromosomal DNA from the parent and mutants 

yielded smeared agarose banding patterns (Figure 17 A, Lanes 1 & 4). Using 

parental DNA, no reactiVity was detected in autoradiograms following attempts to 

. hybridize with either probe (Figure 17 B, Lane 4). The finding was also 

reproducible using BamHI-digested DNA from parent cells (data not shown). 

However, as shown by autoradiography, EcoRI-digested chromosomal 

DNAfromNBJ was reactive both with the Tn551-specific probe (Figure 17 A, 

Lane 1), and labeled plasmid (Figure 18 B). A single band was seen that sug

gested a transposon insertion. In addition, the single band was also seen 

(weakly) in hybridizations following BamHI digestion (Figure 18 B, Lane 6) 

(32P-plasmid as probe). 

Because the gel-mobility of the BamHI fragment band was faster than the 

EcoRI fragment, this suggested .the BamHI fragment had a smaller size. It also 

suggested that there maybe aBamHI cleavage site in (or near) to the receptor 

gene.· This was because the band was positioned to a corresponding size only a 

little larger than the transposon its~lf. 

Because there were no cleavage sites within Tn551 for either EcoRI or 

BamHI 97, we concluded that a single transposon insertion had likely occurred 

in NBJ. EcoRl-digests of NB2 chromosomal DNA yielded one strongly-reactive 

band with the plasmid probe (Figure 17 B, Lane 1), but several bands were ob

served using BamHI digestion (data not shown) and the plasmid as probe. 



Figure 18. Southern Transfer of BamBI-digested DNA 

DNA from cells of strain # 16, NB1, NB2 and RN4116 was isolated under 
conditions described in the text and in Figure 17. · Agarose gel 
electrophoresis.· Lane 1, EcoRI-digested DNA from NB2; Lane 2, same 
using NB1; Lane 3, EcoRI-digested DNA (0.1 p,g pRN8078); Lane .4, lambda 
phage Hind/Hfragments; Lane 5, BamHI-digested DNA from NB2; Lane 6, 
BamBI-digested NB1 DNA; Lane 7, BamHI-digested DNA of pRN8078; 
Lane 8 EcoRI-digested DNA from parent # 16 DNA; Lane 9, BamHI
digested DNA from parent. B. Autoradiogram of gel shown inA. Note the 
single band in Lane 6 from DNA of NB1_ digested with BamHl 





52 

Because chromosomal DNA from both variants was reactive to a 32-P

Tn551 probe, and because the parental chomosomal DNA was unreactive, it was 

concluded that Tn551 insertion had occurred. ·Cells of NBJ and NB2 were 

mutants from the parent strain. The threeS .. aureus were then contrasted as 

potential isogenic strains. 

D. PHEN01YPIC COMPARISONS: Numerous phenotypic characteristics of 

the parent and two mutants were compared. These included morphology, an

timicrobiai susceptibility patterns, biofermentations and enzymatic analyses. 

Some were done using identification kits. Others were done independently in 

the laboratory of Wesley Kloos, Ph.D .. 

Gram-staining of the threeS. aureus showed gram-positive cocci in 

clusters. The morphology of colonies cultured on BID and mS110 agar was 

identical; cream-colored and nonmucoid colonies. All three were weakly 

hemolytic on 5% sheep blood agar. None of the three elaborated extracellular 

capsule by ruthe~ium-redstaining and TEM examination (data not shown). 

The enzymatic, biofermentation patterns and plasmid content analysis 

done at N.C. State showed: " ..... the results found for the three strains were 

identical." (Appendix 1) 

Antimicrobial susceptibility patterns were identical for 19 of 22 antibiotics 

(Table Ill). The antibiogram of these strains was identical except for that at

tributable to the RNA methylase coded for by Tn551. This enzyme imparts resis

tance to both erythromyci~ and clindamycin (lincomycin). The MIC value of 

parent cells for erythromycin was 0.3 J.£g/ml, while resistance to erythromycin 

was much higher for the mutants (each 160 J.£g/ml) (data not shown). · 



Table III. Comparison as Isogens 

Cells of strain # 16 (parent), and two collagen-binding mutants were ~ 
trasted as isogenic strains. The majOrity of enzymatic and fennentation reac
tions, as well as plamid analysis, were done in the laboratory of Dr. Wesley 
Kloos (Department of Genetics, N.C. State University). Commercial kits also. 
used were: Stapbyloslide (BBL), Staph-/dent (Analytab Prod.), Staph Trac 
(API). 
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As shown previously in Figure 16, NBI andNB2 retained the ability to 

bind radioiodinated fibronectin in vitro, and these strains also agglutinated par

ticles coated with rabbit IgG, fibrinogen and plasma fibronectin (data not 

shown). Thus, of several potential binding substances tested, only collagen 

binding was affected in these mutants. 

Of fifty-four comparisons that were made, fifty were identical. Of the 

four differences, three were attributable to transpositional alteration in an- . 

timicrobial susceptibility patterns. The fourth noted difference was a small 

reduction in coccal diameter of the NBI mutant (observed by SEM, data not 

shown). The observation was not pursued, as it could also be attributable to al

teration of collagen receptor on the cell surface. 

E. ADSORPTION EXPERIMENTS: 

SDS-PAGE of type I Skin Collagen: Samples of purified skin Cnl were 

·separated on SDS-PAG.E 10% gels under reducing conditions (Figure 19). Band-

ing patterns, revealed by Coomassie staining, were similar to those previously 

reported for type I collagen 71. Because the molecule has a quaternary associa-
' . . . . 

tion of two a 1-chai.ris and one a2-chain, two major gel-mobility regions are ap-

parent: monomeric a-chains (between 65 and 70 mm) and dimeric p-chains (55 

and 60 mm). Both a1[1]-chains (Figure 19, arrow) and a2[1]-chains were iden

tified in the monomeric region. These migrated to a gel-position of 65 and 67 

mm, respectively. The identification of these two chains was rather easy to estab

lish, because the slower-moving at-chain comprised ca. 2/3 (64%) of percentage 

area under the curve (AU C) of the monomeric gel region 71. 



Figure 19 SDS-PAGE: Type I Collagen 

Samples containing 25 ,.,g of Jm.rified type I collagen from bovine skin 
were separated on 10% SDS-PAGE gels under reducing conditions. Gels 
were stained using Coomassie Blue G-250 stain and decolorized using 
methanol: distilled water:acetk acid (3:8: 1 vol). Gel scans shown were 
obtained using a Shimadzu gel scanner.at 500 nm. Two major gel
mobility regions, each with two major peaks, were identified: 55 to 60 
mm representing dimeric /3[1]-chains, and 65- 70 mm representing 
monomeric a[l)-cbains. The arrow shows the gel position occupied by 
al[Ij-chains. 
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The dimeric gel-region of p-chains also revealed individual bands. The 

most prominent ofthese·comprised 65% of the AUC (J3-chain region). The 

fastest-moving band at 57 mm most likely represents associated a 1-a2-chains 

(J31,2-chain) 96. This is based on the supposition that the influence on gel

mobility by the smaller and partnered a2-chain causes an increase in gel

mobility for this dimer (compared to the larger P1,1-chains). This conclusion is 

supported by a study that reported p 1 2-chains were the predominant dimer , 

· elutred from CM-cellulose columns 81. 

SDS PAGE of Isolated Bone Matrix Proteins: Dialyzed samples from 

EDTA-guanidium-HCL extracted bone matrix proteins were separated by 10% 

SDS-PAGE (same gel as above). A doublet, shown in Figure 20, was identified as 

monomeric a[I]-chains for two reasons. First, the doublet's gel-mobility (65 and 

67 mm) was identical to the mobility of the monomeric doublet from purified 

collagen controls (Figure 19). Second, the ratio of the AUC values for each 

member of the bone doublet corresponded closely to the expected ratio for 

a1[I]:a2[1]-chains (2:1). 

Adsorption experiments using staphylococd and bone matrix proteins. 

Cells of S. aureus and solubilized bone matrix proteins were mixed together and 

flocculation was immediately-apparent in tubes containing parental cells. 

However, the flocculation was lost after three incubations. A logical explanation 

for this observation was because,· in each adsorption, the same supernatant solu

tion was added to "fresh" parental cells, the bone species responsible for the fioc-
J 

culation must have been removed from the supernatant solution. In other 

words, the binding species was no longer available in sup~matant solution at 

levels necessary to produce flocculation in subsequent adsorptions. Conversely, 



Figure 20. SDS-PAGE: Rat Tibial Matrix Proteins 

Tibiae from normal rats were pooled and proteins extracted from the 
mineralized bone compartment using 4 M guanidium HCl and 0.5 M 
EDTA After dialysis, proteins were separated on 10% SDS-PAGE gels un
der reducing conditions. The staining, decolorizing and scanning of the 
gel were done using conditions described in Figure 19. The peak migrat
ing at 65 mm was identified as.al[Ij-chains, because its gel-position was 
identical to collagen-Only controls in parallel lanes. 
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no flocculation was seen during the first (or any) adsorption in tubes containing 

cells of either mutant. Lasdy, controls consisting of bacteria-only and bone

matrix-only were negative for flocculation. 

KSCN-elution of bone proteins bound to parental cells in the pellet 

yielded a band that migrated tO a gel-position of 65 mm (Figure 21 A). The posi

tion coincided exactly with the gel-position occupied by purified monomeric 

a 1 [I)-chains, present in parallel lanes containing samples of skin Cnl. The band 

was absent in lanes containing controls ofKSCN-treated parent and mutant cells 

not exposed to bone matrix proteins (data not shown). 

However, a band that migrated to a gel-position of 62 mm was present 

from KSCN-treated cells of NBJ (Figure 21 b). It may correspond to al[I]

chains. If·so, its 7% AUC was considerably lower than the 28% AUC value deter

mined for the peak at 65 mm from cells of the parent (p < 0.05). The above 

comparison was done by comparative scanning of the two portions of the gel 

presented in figure 21. 

While the data show a preferential ability on the part of parental cells to . 

bind a1[1]-chains from mature bone (compared to mutant), additional studies 

using purified skin Cnl were done to assess the relative binding affinity for in

dividual collagen chains. 

Adsorption experiments using staphylococci and purified skin Cnl. 

Purified skin Cnl and cells of S. aureus were mixed together and once again floc

culation was prevalent in tubes from early adsorptions containing parental cells. 

As shown in Figure 22 A and B, when the supernatant solution was separated on 

a SDS-PAGE 5% (not 1096) gel (Note: the previous position of65 mm changes to 

155 mm], the material in the monomeric a1[1]-chain region was notably lower· 



Figure 21. KSCN-eludon of Bone Matrix Proteins absorbed by S. aureus 

In adsorption experiments, cells at3.0X1011 cfu/ml (5 ml) of strain #16 
and NB 1 were placed in five- tubes (1 ml) and centrifuged. The super
natant solution was discarded and replaced with solutions of bone 
matrixprotein (75 p.g/ml). Each adsorption was for 10 min at 4'l C. 
Tubes were then centrifuged (3000 x g, 15 min) and the supernatant was 
transferred to another tube containing cells. The procedure was 
repeated five times. Cells were washed, pooled and resuspended in 1 ml 
of 4 M potassium isothiocyanate (KSCN). Incubation followed (18 hr at 
40 C). Cells were removed by centrifugation and the supernatant solu
tion was collected, dialyzed, concentrated and adjusted to a final 
sample volume near 1 ml. 

Solutions of bone matrix protein, adsorbed by cells of strain # 16 
or NB1, were eluted by KSCN treatment and analyzed by 10% SDS-PAGE 
gels under reducing conditions using the protocol described in Figure 17. 
This figure shows the gel scan of extracted proteins from (A) cells of 
strain #16 and (B) cells ofNB1. This area of the gel shown, cor
responded to proteins with an apparent molecular weight greater than 
70 kD. The arrow shows the position occupied by purified a1[1]-cbains 
from collagen-only controls on parallel lanes. . 
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following exposure to parent cells (a 1-chain AUC = 43% of monomeric region) 

vs. the collagen-only controls (at-chain AUC = 56%). Second, the al[l]-chains 

were readily bound by parental cells and· associated with the tube pellet. As 

shown in Figure 22 C, material migrating at a position comparable to these 

chains (155 mm) was eluted by KSCN from parent cells exposed to skin Cni, but 

not from bacteria-only controls (Figure 22 D). 

S. aureus #16bound less well to monomeric a2[1]-chains. This conclu

sion was supported by the finding that the supernatant solution (following ad

sorption) contained a predominant peak that migrated at a position similar to 

that occupied by purified a2[1]-chains (161 mm)(Figure 22 B) .. Second, more 

a2[1]-chains were present in parent supernatant solutions (than al[I]-chains). 

The ratio of the monomers was actually reversed, i.e., there was a prepon

derance of a2-chains. Third, KSCN-elution of parent cells bound to collagen did 

not release a protein with mobility co~parable to a2[1]-chains (Fig 22 C). 

While al[I)-chains were readily adsorbed by parent cells, as shown in 

Figure 23 and Table IV, the affinity for a 1 [I)-chains was considerably less for 

mutant cells. When pellets of mutant cells, exposed to skin Cnl, were eluted with 

KSCN, the relative percentages of al[I]-chain AUC (entire lane scan) were: 16 

and 5% for the parent and mutant, respectively. This finding coupled with the 

absence of flocculation in tubes containing mutant cells and skin Cnl, a:s well as 

the gel scan (Fig 23 B) showi~g a low yield of the 155 mm protein from KSCN

eluted mutant cells, suggests that the difference in collagen binding affinity, be

tween parent and mutant cells, is attributable to a 1 [I)-chains. 



Figure 22. Collagen Adsorption by ·P~ent 

Samples of purified skin type I collagen were added to cells of strain #16. 
The conditions of the adsorption experiment were described in Figure 21 
(KSCN-elutiOn technique). For assessment of supernatant solution (900 
p.l), ·containing residual (unbound) proteins, 25 p.l of the adsorbed 
sample was placed on 5% SDS-PAGE.gels under reducing conditions. This 
figure sbouJs the gel-scans from 5% SDS-PAGE gels under reducing condi
tions from lanes containing A collagen-only control, B. supernatant 
solutions of collagen following adsorption by parent cells, and 
C. extracted proteins using KSCN from parent cells exposed to collagen. 
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Fi~e 23. Collagen Adsorption by Mutant 

Samples of purified skin type I collagen were added to cells ofNB2. The 
conditions of the adsorption procedure and treatment of eluted proteins 
were described in Figure 21 and Figure 22. This figure shows the gel- · 
scans of 5% SDS-PAGE gels under reducing conditions from lanes con
taining A supernatant solutions of collagen adsorbed by cells of the 
mutant, and B. extracted proteins using KSCN from mutant cells exposed 
to collagen. Note: in 5% gels, purified al [I)-chains migrated to a position 
of155.7mm(arrow). 
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Table IV. Collagen Adsorption, Percent of Material in Major Peaks. 

Adsorption experiments were done usinB type I collagen (25 p,g/ml, 5 ml) and 
cells of strain # 16 or NB2 (3 x 1011 cfu/ml). Conditions of the assay and 
sample preparation were described previously in the legends of Figure 21 and 
Figure 22. This Table shows the percentage values of the area under the curve 
(AUC) obtained from the gel scans of Figure 22 and Figure 23. It also shows 
·values for a collagen control. Densitometric analysis of the gel pennitted an 
approximation of the amount of material in identifiable peaks of KSCN extrac
table proteins ('JJ total AUC) Note.· the percentages from supernatant solutions 
express AUC as percent of the gel-region at 155-160 mm (i.e., gel-region for 
a1[1]-chains and a2[/j-chains). 



Collagen monomers: 

a 1 (I)-chains: 
KSCH 
Supernatant 

a2(1)-chalns: 
, KSCN-pellets 
Supernatant 

. CoDagen Adsorpdon: . 
Percent of Material In Major Peaks 

(Total Absorbance) 

Parent Mutant 

16 5 
43 50 

8 7 
57 50 

63 

CoDagen-only 

n.d. 
56 

n.d. 
44 



DISCUSSION: 

In 1985, two laboratories reported that collagen-binding by S. aureus may 

be clinically relevant. In France, Carret et al. used a hemagglutination 3:5say for 

identification of clinical strains of S. aureus. Spontaneous hemagglutination oc

curred if tinsensitized sheep red blood cells were exposed to buffers containing 

gelatin (and S. aureus) 98. Only 2 of98 strains clumped in gelatin solution. 

In the United States,· Holderbaum, Spech and Ehrhart developed a quan

titative assay for measuring· fibronectin in cell-cultures of aortic smooth muscle 

cells. They observed that formalinized cells of the Cowan 1 strain, used as an 

adsorbent for anti-fibronectin IgG, reacted in a direct manner with type I procol

lagen that was obtained from the culture fluid. Further characterization of the 

bindmg to procollagen demonstrated that certain otherS. aureits strains pos

sessed "specific binding sites for collag~n" 10. 

Since these reports, about fortY studies have been done investigating the 

ability of S. aureus to bind collagen or members of the extracellular matrix of 

co~nective tissue. The first report was done in 1983 by Van De Water et al. 

These investigators showed a. binidng affinity of procollagen, isolated from NIL8 

hamster cell culture medium, to 10% suspensions ofS. aureus117 .. 

Three studies were done prospectively to assess the frequency of 

collagen-binding among clinical isolates. Holderbaum et al. examined ninety S. 

aureus isolates 64. Less than· half (39 of 90) bound radioiodinated type I col

lagen. H they were obtained from patients with "complicated bacteremia" 

(associated with deep-tissue infection), the isolates were significantly more likely 

64 



to bind type I collagen (26 of 49), compared to isolates from "uncomplicated 

bacteremia" (13 of 41) (Chi~square, p < 0.05). Eleven of nineteen (58%) os

teomyelitis isolates bound collagen. 
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Naidu, Ekstrand and Wadstrom compared toxic-shock syndrome (toxin 

TSST-1 producing) strains, isolated from eighteen patients with toxic-shock 

syndrome (TSS), to fifty-siX isolates from patients with "other diagnoses". The 

authors used both particle agglutination and a 125I-collagen binding assay to 

show that, as a group, TSS-associated isolates had an increased ability to bind 

both type I and type n collagen, when compared to non-TSS strains 99. The in

cidence .of 125I-type IV collagen binding was similar for both groups. 

Naidu, Paulsson and Wadstrom measured collagen, fibronectin and 

fibrinogen binding among a large number (n = 187) of clinical S. aureus isolates 

and 23 reference strains 100. A particle agglutination assay was developed to 

avoid problems associated with the screening a large nuinber of isolates using 

125I-Iabeled proteins. The assay was reported to be "highly specific, sensitive 

and reproducible" .. The clinical isolates were grouped according to their as

sociatiOQ with infection, e._g., toxic-shock (n = 18), septicemia (n = 14), wound 

infection (n = 12), furunculosis (n = 124) and "other infections" (n =. 19). In

terestingly, all of "other infection" isolates had the ability to agglutinate 

fibrinogen-coated particles (19 of 19), while the ability of this group to ag

glutinate fibronectin and collagen coated particles was much lower (10 of 19, 

and 9 of 19, respectively). Conversely, isolates from severe infections frequently 

had the ability to bind collagen (and fibronectin), e.g., for collagen, toxic-shock 

syndrome (17 of 18), septicemia (12 of 14) and wound infection (10 of 12). 



66 

The conditions of the slide agglutination assay of the current study were 

similar to those used by Naidu, Paulsson and Wadstrom 100. For example, the 

source of the collagen (skin collagen), its concentration (bead preparation, ca. 

100 J,£g), buffer strength (20 vs. 50 mM, pH 6.8 vs. 7.2), cfu/ml ofS. aureus (ca. 1 

x 101~, reagent volumes (20 vs. 25 J,£1) and incubation time (2 vs. 3 min) and 

temperature (room temperature) were similar. This study used colonies ofS. 

aureus cultured on BID-agar, not 5% sheep blood agar. This is because blood 

contains ligands, such as fibronectin, that may be bound by S. aureus causing 

false positive reactions. 

With the exception of the Carret study 98, the data were in agreement with 

the findings of other investigators. A disproportionate number of isolates from 

deep-tissue infection, including osteomyelitis, bad the ability to bind type I 

collagen. Collagen binding was identified frequently among osteomyelitis 

strains (26 of 41) (63%). Conversely, collagen binding was identified less fre

quently among the sampled population (54 of 163)(34%). The difference was 

highly significant (Chi-square = 10.9, p = 0.0006). 

One strength of the study was the large number and the nature of the os-. 

teomyelitis isolates tested. The sample size was larger than that of any previous 

study (n = 41). Second, Jon T. Mader, M.D. selected only "operative specimens" · 

from his collection to send to this laboratory. The S. aureus isolates were cul

tured originally only from infected-bone (e.g., bone biopsy). Isolates from sites 

related to bone, e.g., sinus-tract, were not provided as the predictive value for S. 

aureus osteomyelitis, following the culture of S. aureus from sinus-tract bone 

. drainage, has been reported at 78% 17• Thus, the diagnostic value of sinus-tract 

cultures, in chronic osteomyelitis, is somewhat questionable. · 
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In the current study, a perfect correlation was not obtained between the 

ability of an isolate to bind collagen and its association with osteomyelitis~ _ Fif

teen isolates were negative for collagen-binding. Thus, the study was unable to 

establish unequivocally that collagen-binding was a necessary ''virulence factor" 

in osteomyelitis. 

The expression of s~phylococcal collagen receptor is likely influenced by. 

environmental conditions. Naidu, Paulsson and Wadstrom reported that culture 

on blood agar was "optimal" for the demonstration of collagen binding by S. 

aureus 100. Cheung and Fischetti reported that the composition of S. aureus 

_ surface proteins varied when cells were alternately cultured using liquid and 

solid media 80• 

If the expression of staphylococcal collagen receptor is influenced by en

vironmental conditions in bone, then contaminating staphylococci may, in the 

early (acute) stages of disease, localize to bone because-of the activity of collagen 

receptor. At this juncture the infection may be sQccessfully eliminated or 

progress towards chronic osteomyelitis. The outcome is dependent upon host 

defense mechanisms and the production of microbial virulence factors in situ. 

One staphylococcal Virulence factor, capsular glycocalyx, is present in chroni

cally infected bone101' 102• Glycocalyx acts acts as a barrier to phagocytosis. It 

does so by providing an exterior (protective) covering. It may also cover col

lagen receptor, affecting in a negative way, receptor activity. 

If the above view is true, the incidence of collagen binding will be under

estimated if isolates are obtained from chronically infected bone. In other 

words, if a prospective study was done for acute osteomyelitis isolates, the in

cidence of collagen binding may be higher than current estimates. 
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The findings of the current study were in general agreement with Naidu's, 

100 and Holderbaums's study64. However the data were in poor agreement with 

the results from Carret's study 98• An obvious discrepancy exists as to the 

rCported incidence of collagen binding among clinical S. ~ureus. For example, 

in Carret's study, only 2 of 98 isolates bound gelatin (2%) vs., 43%, 47% and 34% 

of isolates bound collagen in Holderbaum's, Naidu's and the current study, 

. respectively. 

This difference may be discounted somewhat given the somewhat insen

sitive method Carret used in measuring gelatin binding. For example, clump 

formation was measured after only 30 seconds, a time lower than that used in 

Naidu's study (2 min) and in this study (3 min). This period of time is insuffi

cient to generate strong clumping for some strains (data not shown). Second, in 

Carret's study, only "massive clumping of bacteria was taken as positive". This 

suggests that intermediate levels binding, e.g. scores of 2 + and 3 + were not 

used for scoring. The cell concentrations were not defined. Cfu/ml concentra

tions below 108 cells are inc~pable, because of limits of assay sensitivity, to mac

roscopically show clump formation (data not shown). Thus, perhaps not 

enough cells were used for enhancement of the sensitivity of the assay. Lastly, 

gelatin consists of denatured type I collagen prepared by heating. In other 

words, different ligands were selected for analysis. 

Isofates from toxic-shock syndrome were identified, in Naidu 's two 

studies and the current study, to have frequently the ability to bind collagen. No 

explanation for this is forwarded. Perhaps, commercial processing selects. for 

the ability of collagen-binding strains to promote toxic-shock syndrome. 
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In the current study, the incidence of collagen binding among toxic shock 

strains (9 of 17, 58%) was lower than that reported in Naidu 's study (17 of 18, 

94%). Because assay reagents and conditions were similar between the two 

studies, the differences reported in the incidence of collagen binding may be re

lated to the strains chosen for study. 

The selection of an appropriate strain for mutagenesis was an important 

consideration of the study. Strain # 16 was among the Mader collection. of 

osteomyelitis-producing$. aureus. It was amenable to vectors and susceptible to 

markers available for transposon mutagenesis (i.e., lysis by transducing phage 

BOa, and tet5, eryS). The strain bound fibronectin and rabbit IgG. 

Cells of strain # 16 had the ability to bind radiolabeled type I collagen. 

The conditions of the radiobinding assay were similar to those used by Holder

baum, Hall and Ehrhart 9. Both studies used live cells, similar cfu/ml and 

similar sources of collagen (commercial bovine skin). 

Results from this study showed that the dissociation constant of collagen 

binding by strain # 16 was approximately five-fold lower (less affinity) than that 

reported for Cowan 1 (5.3x 10·10 M vs. 9.7 x 10·11 M, respectively)'9. 

However, binding capacity (Bmax' maximal binding) was higher for cells of strain 

#16 than for Cowan 1 (330 ng/ml vs. ca. 80 ng/ml, respectively). This sug

gested that somewhat more sites may be present on strain # 16 (than on Cowan 

1). The calculated cellular copy number was about 250. Holderbaum reported 

117 copies per cell for the Cowan 1 stain 9. 

The temperature-sensitivity of collagen binding by cells of strain # 16 was 

unexpected. When cells were cultured in BHI-broth at 42° C, their ability to 

bind collagen was essentially lost. Conversely, cells regained the ability to bind 
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collagen when they were cu.ltured at the permissive temperature of 3-,o c. There 

was a correlation between the percentage composition of pr~geny cells and ex

tent of reversion. After two subcultures, 75 % of the cells represented progeny. 

This percentage of cells was capable of altering the collagen binding property for 

the entire population of cells.· Phenotypic reversion after two subcultures oc

curred whether cells were first cultured at 3-,o C, or. at 42 °C. 

A literature search from 1966 to 1992 using BRS Colleague (Bryn Mawr, 

Pa) and the search terms, "Staphylococcus-aureus" and "temperature sensitive" 

yielded tWenty-two articles. None described a temperature-sensitivity in the 

binding of S. aureus to collagen (or any matrix protein). Thus, the finding ap

pears "novel", and of potential value. It suggests that thert: may be environmen

tal regulation of the receptor's activity. It also suggests that ultrasonic site

directed hyperthermia may be useful in vivo for blockade or investigation of 

staphylococcal colonization of tissues rich in collagen. 

Temperature-sensitive binding proteins have been reported in numerous 

systems (not closely related to this discussion). Examples include: DNA-binding · 

proteins ofphagePJ 103, and Herpes simplex 104. Temperature-sensitive bind

ing proteins often have reduced stability (or activity) at elevated temperatures 

(e.g., 42° C) 105. It is possible that the temperature-sensitivity may be at the level. 

of protein translation or membrane (or cell-wall) transport. It is also possible 

that transcription of the gene(s) responsible for produCtion of messenger RNA 

for collagen receptor is blocked by elevated temperature. 

Evidence for the successful isolation of a coHagen-binding mutant: Fol

lowing transposon-mutagenesis of S. aureus strain # 16 (parent), only six of 

nearly five-thousand transductants displayed a reduced ability to agglutinate 
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collagen-coated particles. Two of the six had marked reduction in the ability to 

bind radioiodinated skin type I collagen. An approximate three-fold reduction in 

collagen binding was noted for cell~ of the NB1 strain, :while NB2 cells showed · 

a six-fold reduction in binding potential (Figure 14). · Both NB1 and NB2 had a · 

reduced ability to bind type IT collagen. Their ability to bind fibronectin was not 

different than the parental isolate (Figure 16). IgG and fibrinogen binding were 

similar as well. 

Cells ofNB1 andNB2 were mutants of strain #16. This conclusion was 

reached from the DNA-analysis. EcoRI-digested chromosomal DNA from the 

parent and both mutants produced a similar banding patterns on agarose 

(difficult to see on the photograph shown in Figure 17 A). The similarity of 

banding wa8 feasible because: Tn551-insertion does not create additional 

genomicEcoRI-cleavage sites 106,107 .. Second, chromosomal DNA from theNBl 

mutant, digested using two endonucleases (EcoRJ and BamHI), revealed a single 

band reactive with the probe by autoradiography. Because no cleavage sites ex

ist within Tn551 for either endonuclease 97, and because two different agarose 

mobilities of the reactive fragment were observed, it was concluded that there 

was most likely, a single Tn551 insert. 

· Additional studies need to be done to rule out the possibility that a spon

taneous mutation was not responsible for the alteration of collagen-binding 

properties in the NB1 strain. To do this, cells of the parent should be "back

crossed", starting with DNA from the NBJ mutant that is phage-introduced back 

into strain #16 (premarked in some manner, e.g. auxotrophic alteration). As

suming that a single Tn551 insertion was present in the genome of NB1, and at a 

site responsible for the collagen-binding property, transposon mutagenesis 
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(using same techniques for mutagenesis) should produce three changes in cells 

of the pre-marked back-crossed mutant: resistance to erythromycin, alteration of 

collagen-binding properties, and 9 kb probe-reactive fragment (identical to DNA 

. analysis done already using NB1). 

In this study, cells of NB1 and NB2 were isogenic to cells of strain # 16. 

Approximately fifty biochemical, enzymatic and antimicrobial-susceptibility reac

tions were. contrasted. All were similar. In addition, SDS-PAGE profiles of 

lysostaphin-lysed cells were similar (data not shown). These findings, plus the 

independent analysis done by Wesley Kloos, Ph.D., support the contention that 

the threeS. aureus are the same strain. 

Before this study, the locus of the collagen receptor gene had not been 

· identified. These data confirm that the gene is located on the chromosome. 

Two findings support the contention. First, cells of strain # 16 cells did not have 

plasmids, thus their collagen ·binding property could not be attributed to ex

trachromosomal DNA. Second, chromosomal DNA.from the mutant was reac-
.1. • . 

tive to the Tn551-specific probe. Because cells of the patent and the mutant 

were isogens, the sole explanation f~r the single difference was. transpositional

insertion into the genome. In other words, insertion into_( or near) the collagen

receptor gene altered· the mutant's ability to express functional receptors. 

Collagen Receptor. Problems have been reported in efforts to isolate·and · 

purify a staphylococcal collagen receptor. The primary approach included af

finity chromatography (collagen columns) and development of binding assays 

using "purified" receptor 3. An unsuccessful attempt was made in this laboratory 

to purify collagen receptor using collagen affinity columns and lysostaphin

digested staphylococci (data not shown). 
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Harsh treatment is necessary to solubilize proteins associated with the 

cell-wall of S. aureus. Because staphylococci are resistant to lysozyme (often 

used in cellular-digestions of E. colJ) lysostaphin is commonly used. Lysos

taphin may destroy collagen receptor. This· is because the high glycine content 

of the receptor (ca. 1/3 of residues, personal communication with Daniel Hol

derbaum, Ph.D.) may make the receptor susceptible to enzymatic degradation, 

particularly if the binding site contained linked glycines. The reason is because · 

· lysostaphin cleaves atgly-gly residues. In addition, the collagen receptor may 

have a molecular structure similar to that of collagen, e.g., highly repetitive 

domains with low immunogenicity (personal communication with Lech 

Switalski, Ph.D. and Figure 3). Thus, the purification of die receptor is predict

ably difficult using established techniques. 

Evidence for the existence of collagen receptor on pathogenic S. aureus 

was obtained from this study. Ha gene(s) for collagen receptor protein does not 

exist, then Tn551, located in the staphylococcal chromosome, should have no 

notable effect on the ability to bind collagen. This was not the case. The mutant 

consistently exhibited a reduced ability to pellet soluble 1251-collagen. 

It is more difficult to explain why a reduction (and not total loss) of the 

ability to bind collagen occurred in· cells of the mutant. This is because 

transpositional. insertion blocks gene transcription and protein expression. 

Three possible explanations are forwarded. First, the insertion may have oc

curred upstream of the collagen receptor gene's open reading frame, e.g., in a 

promoter or operon region. This event could have caused a reduction in the 

level of gene transcription. However, the Scatchard analysis suggests alteration 

of the receptor, rather than an absence. Second, the insertion may have oc-
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curred in a "non-critical" region of the gene. ffthe insertion occurred 3', and 

"downstream", truncated messenger RNA ·may be produced and only a portion 

of the gene is be transcribed. The insertion may cause a shortened version of 

the receptor. Third, there is the possibility that more than one gene is involved 

in the collagen-binding property of S. aureus. Holderbaum, Spech and Ehrhart, 

in Scatchard analysis reported evidence of more than one class of collagen bind

ing sites on Cowan 1 cells 10• H high and low affinity sites exist, then the poten

tial for several receptors (and their respective genes) exist. Transpositional in

sertion into one gene may not (or may not) affect expression of the other. 

Collagen-binding strains of S. aureus lose their ability to bind collagen fol

lowing exposure to trypsin·9,102 and heating 100. Trypsin cleaves protein sub

strates at arg and lys residues. Heating above 70° C causes the denaturation of 

many proteins. Many carbohydrates, on the other hand, are resistant to heat 

denaturation. Thus, both observations suggest that the re~eptor responsible for 

collagen binding is proteinaceous in its nature. 

However, at least one study suggests_that staphylococcal capsular material 

contributes to collagen binding by S. aureus 108• Ohtomo and Yoshida studied 
. . . . 

the adherence of an encapsulated strain, S. aureus strain Smith Diffuse and three 

capsular variants of the same strain, for their ability to adhere to particles coated 

with fibrinogen, collagen and lectin. While adherence to proteinaceous sub

stances varied according to the strains, all four straii~s showed a similar degree 

of adhesion to collagen. Conversely, the adherence to fibrinogen and lectin dif

fered among the strains. In addition, the effect on adhesion of physical and en-



zymatic pretreatment was measured. Their results suggested that both car

bohydrate and protein moieties, located on the cell surface, were involved in 

adherence. 
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In Ohtomo's study, 3H-thymidine-labeled cells of strains S-P (mucoid cap

sule) andS-C (no capsule) were cultured and compared in time-course experi

ments for the effect of the growth-phase on collagen adherence. While a small 

difference in the ability to bind collagen was evident after 2 hours, (the time used 

in the assay) and 4 and 8 hrs, after 16 hours a difference (not reported) was evi

dent using their. published data. Cells of the mucoid strain were less able to 

bind collagen (than were S-C cells) when cultured for 16 hours 108. This sug

gested (to this author) that the amount of capsule on cells influenced binding. In 

other words, after two hours (lower capsular content), less of a difference was 

noted, but after 16 hours a marked difference was evident. 

. In Naidu's 19Ba study99, twenty-three reference strains were cultured on 

Staphylococcus medium 110 (Difco, Detroit, Ml) and tested for collagen-particle 

agglutination. Zero were positive, but 60% "autoagglutinated". This selective 

medium has a, high NaClconcentration (7.5%) and contains·yeast extract, tryp

tone, lactose, phosphate and mannitol. In addition, it contains 3% gelatin 

(denatured collagen) 109. This may explain why the autoagglutination oc

ccurred. 

A modification of the Staphylococcus medium 110 was used by Yoshida 

and Ekstedt to enhance the "mucoid growth" (capsule expression) of S. aureus 

110. The dialysate medium, termed mS110, did not contain gelatin and had a 

lower salt concentration (3%). Otherwise, its composition resembles 

Staphylococcus medium 110. Using strains cultured on BID-broth or mS110, 
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the authors showed an increased mucoid character, if strains were cultured on 

mS110-agar. In addition, strains from mS110.Cultures were less able to ag

glutinate fibrinogen-coated particles (compared to BID-cultured cells). The 

authors concluded that capsular expression was inhibitory for activity of clump

ing factor. 

In previous work in this laboratory, four of six nonencapsulated S. aureus 

strains bound radiolabeled type I collagen, vs. zero of four encapsulated strains 

(Chi-Square = 4.4, p = 0.03) [Buxton, Rissing, Darby and Best, 29th ICAAC, .. 

Abstract #1138, 1989]. This suggested that capsule formation was not respon

sible for the property of collagen binding by S. aureus. Further, capsular 

variants of three collagen binding strains, that included Smith strain, were avail

able for testing. In each case, encapsulated variants had a reduced ability to bind 

collagen (data not shown). 

In the current study, cells of strain # 16 and mutant were examined for ex

tracellular capsule by SEM and ruthenium red staining (data not shown). None 

of the cells revealed capsular material. 

Thus, the ability to bind collagen by cells of strain # 16, is not attributable 

to capsule. Collectively, the data suggests that a protein is responsible for col- · 

lagen binding by S. aureus. 

Bone type I collagen. Prior binding studies of S. aureus to collagen have 

used highly purified type I collagen (Cnl) from skin 9,64, 1~2. Skin collagen is 

readily available, inexpensive and because .of its solubility, rather easy to 

radiolabel. But in terms of osteomyelitis, there are several reasons why it may 

be an inappropriate "surrogate" for bone collagen. There are more than subde 

differences in collagen fibril crosslinking that account for the observed dif-
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ferences in solubility betWeen the two collagens. Skin Cnl is soluble in weak 

acids and bone Cnl is not. In addition, skin Cnl is not mineralized. Thus, 

notable diffe~ences in cation affinity su·ggestprotein modification ~ay be 

responsible for differences between bone and skin Cnl. Most important, severat 

bone-Col species are bone-restricted, e.g., calcified collagen fibrils, Cnl-bound 

noncollagenous phosphoproteins and osteoblast-produced procollagen terminal 

peptides.- If any one of these were involved in bone affinity by S. aureus, suc

cessful identification of the targeted protein would be impossible using skin Cnl 

as test ligand. This is because of problems associated with ligand specificity. 

However, skin and bone Cnl are the same protein. Therefore, the 

primary amino acid sequences are identical, as is molecular Mr. Skin and bone 

Cnl have an association of two a 1-chains, and one a2-chain. 

Because of the lack of certainty as to the better choice of collagen (skin vs. 

bone) to use as test ligand, both skin and bone type I collagen were used in b,ind

ing studies. However, the primary interest, at least in interpretation of the utility 

of the NB1 mutant, was its ability to bind type I collagen of bone. 

In order to assess any difference in binding by cells of parent and mutant 

tO bone collagen, whole bone explants and solubilized bone matrix proteins 

were considered. The first was rejected because individual proteins are difficult 

to identify using whole-tissue as a substratum (especially without prior 

knowledge of the appropriate antigen to produce antibody). The second choice 

appeared more suitable. This is because mineralized-bone-compartment 

proteins have been extracted, separated and identified using SDS-PAGE 55,111• 
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Using a modification of Fisher's protocol 111, excised tibiae from normal rats 

were pooled, dissected-free of soft nonmineralized tissue elements and extracted 

with the denaturing S<>lvent, 4 M guanidium-HCI. 

The conclusion that monomeric al[I]-chains of bone Cnl were present in 

samples of bone matrix proteins, as revealed by SDS-PAGE, was based on three 

findings. First, a1[1]-chains of purified skin Cnl controls migrated in 10% 

·reducing-gels to a position (65 mm) (Figure 19, arrow) occupied (in parallel 

lanes) by a similar peak from samples of bone matrix protein (Figure 20, arrow). 

The apparent molecular weight for protein in both peaks (ca. 110 kD) was near 

the reported size of a 1 [I)-chains 71. Second, a dimer corresponding to two 

monomeric chains (a1[I]-chains and a2[I]-chains) was present in both sources 

of collagen. From bone samples, the smaller size (ca. 98 kD) of the second 

monomer, and its corresponding position (67 mm), suggested a2[I]-chains. 

· Third, the relative composition of the two monomeric chains, defined by den

sitometry of the peak's area under the curve, was similar for both sources of col

lagen (ca. 2:1 ratio). 

The yield of bone collagen iri these extracts was lower than one might ex

pect. It was only ca. ten percent of total protein (Figure 20). Collagen has been 

reported to represent seventy percent of the protein in bone 14. Thus, a con

siderable portion of the mineralized compartment was not solubulized in the ex

traction procedure. This probably reflects that the procedure was designed to 

extract the more soluble noncollagenous phosphoproteins, such as osteonectin, 

bone sialoprotein and bone glycoproteins 111• 
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Equipped with the mutant and solubulized bone matrix proteins, adsorp

tion studies were begun. The contention was that binding of soluble ligands by' 

insoluble bacteria causes ligand-removal from solution. After incubation and 

centrifugation, the supernatant solution and the bacteria (bound to ligand) iti 

tube pellets were collected. Elution ofprotein(s) bound to the bacteria was 

done using a chaotropic agent ( 4 M KSCN). ·Because the strains differed only in 

.their ability to bind collagen, differences in SDS-PAGE ·gel-mobility were as

sumed to represent differences in the collageri species bound. 

Monomeric al [/]-chains of bone Cnl were bound by parent cells. The 

·proteins extracted by KSCN from pellets of strain # 16, obtained after mixing 

with bone matrix, yielded a protein that migrated to the 65 mm position cor

responding to al (I)-chains of skin collagen controls (Figure 21, arrow). A band, 

present at the position of a2_[1]-chains, was notably low m AUC. Using parent 

cells and skin Col as ligand, the ·KSCN eluent of adsorption ,pellets also yielded a 

band migrating to the gel-position occupied by a1[1]-chains (155 mm position 

on 596 gels). Second, solutions .contait)ing skin Cnl and parent cells showed a 

notable reduction in the level of al[l]-cliains (Figure 22A, Band Table IV) 

[although not entirely removed from supernatant solutions]. A concomitant 

decrease in a2[1]-chains was notnoted. Third, and most important, the amount 

of a 1 [I)-chains bound by parent cells was considerably higher than those bound 

by cells of either mutant.· This is shown in Figure 21 B wllth cells of the NBJ 

mutant (ligand(s) = bone matrix protein) and in Table :iv with the NB2 mutant 

(ligand = skin Col). 
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Gel-scans of supernatant solutions containing skin Cni and parental cells 

showed a notable reduction in the level of collagen ~-chains that migrated in 5% 

gels to about 128 mm (Figure 22 B). In addition, these chains were eluted from · 

parent cells .. 

In the adsorption experiments, cells of S. aureus were added to samples 

of soluble collagen before the addition of 10% SDS (known to cause dissociation 

of proteins). If type I collagen consisted only of associated a 1-a2-chains, it is 

difficult to interpret the results. This is because the binding of one chain should 

cause removal of the other (due to their association). 

Acid-solublized type I skin collagen is a mixture of individual collagen 

·species, i.e., no SDS treatment is necessary to separate the chains. In support, 

four chains (al, a2, ~1 and ~2) are identifiable using skin type I collagen and 

NaCI (0.1 N) elution by cation exchange (CM-cellulose, 40° C) 81. The commer

cial bovine skin collagen from ICN, used in the above adsorption experiments, 

was separated on 5% native PAGE gels. Several high molecular weight bands that 

migrated near 100 kD were seen (data not shown). 

As discussed above, cells of strain # 16 showed higher affinity for .at

chains and less affinity f~r a2[I]-chains. This suggested a preference in binding 

existed between individual collagen species. 

However, gel-scans of supernatant solutions from adsorption mixtures 

containing nasal type II collagen (from cartilage), and parent cells, showed a 

reduction in al[II]-chains (data not shoWn). This suggested that the preference 

was unrelated to the ability of staphylococci to bind several different collagen 

types. 
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And yet S. aureus has higher affinity for type I collagen than type II col

lagen, evidenced by the two-log difference in.Kd values with the Cowan 1 strain 

and these two collagens3,9. Perhaps the a1[1]-chain shares some homology, 

important in binding, with the a 1-chain of type IT collagen. 

In this study, type I collagen of skin yielded electrophoretic profiles 

similar to that of bone collagen. This suggests that it is suitable as a surrogate 

ligand for binding studies focusing on mature bone collagen (done in vitro). 

Collectively, the results suggested collagen-binding by S. aureus was de

pendent upon chain composition. It also suggested a "commonalty of recogni

tion" existed among several family-members of the fibrillar collagens. In other 

words, the same staphylococcal receptor may promote localization of the cell to 

skin, bone and articular cartilage. 

But why a 1 [I)-chains were preferentially recognized by parent cells was 

not determined. However, differences do exist between the a 1 [I)-chain and the 

a2 [I)-chain. These include: primary amino acid sequences, susceptibility to 

cleavage by cyanogen bromide and elution characteristics from weak cation ex

change columns. In addition, the cell-attachment sequence, RGD, is ·present on a 

CNBr-cleavage fragment of a1(I]-chains 70, but not (to my knowledge) on a2[I]

chains. Second, two fibronectin-binding domains have been demonstrated on 

a1[I]-chains, but not a2[I]-chains 69. 

There is a single report in the literature that implicates little (or no) 

chain-specificity in collagen-binding by S. aureus 10. In this study, Holderbaum, 

Spech and Ehrhart used radiolabeled type I procollagen as binding ligand. The 

procollagen was isolated from cell cultures of smooth muscle cells. In adsorp- · 

tion experinlents, heat-killed cells of the Cowan 1 strain were added to [ 14C]-
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proline labeled procollagen followed by 80S-dissociation of proteins bound to 

Cowan 1 and SDS-PAGE with ftuorography. Both al(I]-chains and a2[1]-chains 

were elutable from bacterial pellets. Prior treatment with gelatin inhibited the 

ability of Cowan 1 to bind procollag~n. 

There are two reasons that the interpretation of results from the current 

study is defensible in light of results from Holderbaum's study 10. First, procol

lagen is a distinct protein compared to mature type I. collagen (see Figure 1 and 

Figure 2). Procollagen molecules possess theN-terminal and C-terminal

extension peptides. The globular peptides regulate collagen-fibril association, 

crosslinking and maturation 30. No studies have been done investigating the 

ability of S. aureus to bind extension peptides of collagen peptides. In addition, 

the C-terminal peptide on both chains has high homology and similar Mr 29·. 

Thus, if Cowan 1.bound the Cterminal peptide (present in Holderbaum's cell

culture medium), both of chains may be elutable in adsorption analysis. 

Second, another collagen, type III collagen, was reported by Holderbaum and 

Ehrhart to be present in cell-culture filtrates 112. Therefore, type ill collagen (or 

its procollagen) was probably present in the adsorption mixtures used by Hol

derbaum and Ehrhart. 

This collagen has is virtually absent in bone 113, but is prevalent in skin 

113 and in smooth muscle 29, where it may coexist by binding type I collagen 

(heterocollagen) 114. It is composed of three identical at-chains (al[ill]~, a 

single monomeric protein is produced in SDS-PAGE gels, near al(I]-chains 29. 
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Type m collagen is a ligand bound by Cowan 1 98. Thus, it may have 

contributed to the fluorogram profiles. No attempt was by Holderbaum to 

separate the two proteins before adsorption experiments were conducted (other 

than using cell cultures 24 hold elevating the Cni to type m collagen ratio). 

Isolation of a mutant with a reduced capacity to bind type I collagen of bone 

was the most important product from this work. Most attempts to identify a 

· target protein to which osteomyelitic strains of S. aureus might bind during 

colonization of bone have focused on type I collagen, because this protein com

prises a high percentage of protein in the extracellular matrix of bone 14,21,29. 

Thus, if type ·I collagen of bone matrix were exposed folloWing bone trauma, it 

would make a readily-available target for contaminating or blood-borne 

staphylococci. 

A literature search over the past five years revealed sixteen studies that 

used two (or more) strains for assessment of S. aureus binding to individual 

members of connective tissue matrix. All studies were done in vitro because 

bacterial receptors often operate independently from one another. And, if 

several matrix-receptors exist, multiple binding interactions would prevent 

meaningful comparisons in animals. 

Kuypers and Proctor showed the value of isogenic strains of S~ aureus in a 

study concerned With colonization of heart valves 115 .. A mutant with a reduced 

ability to bind fibronectin was developed using transposon mutagenesis. Their 

mutant had "low colonizing potential" for heart valves in a rat endocarditis 

model. This implicated fibronectin as a binding ligand for staphylococci in the 

pathogenesis of endocarditis. 
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A similar analysis of binding ligands in osteomyelitis is now possible. 

Adult rats may be challenged i. v. with cells of the isogenic mutant. Quantitative 

· microbiology of tibial metaphyses may be done to determine the number of cfu 

localized to bone. The study may permit direct assessment of the role for bone 

collagen in staphylococcal adherence. The isolation of the binding mutant will 

also permit a direct assessment of the ability of the two strains to produce os

teomyelitis (following colonization) in the rat model of osteomyelitis. 

There is a second research application using the collagen binding mutant 

that has a Tn551 insertion. Because Tn551 has a known .sequence in its inverted 
' 

terminal repeat (ITR), and because it resides within the gene for collagen recep

~tor, EcoRI or BamBI-cleavage should yield linear DNA with ends containing a 

portion of the gene. Ligation of the ends using T4ligase followed by "inverse" 

PCR 116, using primers designed for the ITR's, creates numerous copies of a por

tion of the collagen receptor gene. This material can be used to construct DNA 

hybridization probes useful for cloning experiments that attempt to isolate the 

gene disrupted by TN551 insertion. The proJJe may also be used· to identify 

whether collagen receptor gene is ubiquitous among all S. aureus, or whether it 

is present in a subset of isolates associated with human disease. 

In conclusion, this study suggested that bone collagen was a suitable 

ligand for binding recognition by pathogenic S. aureus. The results using strain 

# 16 and the two mutants in collagen binding experiments with solutions of bone 

matrix protein indicate the main affinity shown by the cells is directed toward 

a 1 [I)-chains of collagen of type I bone collagen .. The establishment of a 

mechanism that links the ability to bind collagen and its relevance in os

teomyelitis was attempted and deemed successful. The finding that there is a 



chain of collagen to which the staphylococcal collagen receptor binds, should 

permit studies into the recognition sequences involved in collagen binding by S. 

aureus. This, in tum, will allow a better understanding of how staphylococci 

colonize bone~ 



SUMMARY: 

1. The majority of clinical S. aureus isolates from infected human bone 

had the ability to agglutinate particles coated with type I collagen. 

2. A clinical isolate from osteomyelitic bone, strain #16, demonstrated 

strong binding affinity to radioiodinated type I collagen. 

3. The same strain was transposon-mutated to a mutant condition with 

reduced ability to bind both type I and type IT. collagen. 

4. Cells of the parent and mutant were otherwise isogenic for biochemical 

and fermentation reactions. 

S. In adsorption studies using purified skin type I c·ollagen, the NBJ 

mutant differed from parent with respect to binding affinity for a 1 [1]-chains, 

b~t not a2[I]-chains. 

6. In adsorption studies using extracted bone matrix proteins from adult 

rat tibiae, the mutant again differed from parent with respect to binding affinity· 

to al[I]-chains. 

7. The activity of the collagen receptor was reduced if staphylococci were 

cultured at 42° C. 
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Appendix. 

Terminology: In this text, "binding' refers to receptor-mediated interaction 

with a well-characterized substrate or ligand. "Speciftc-Ad~erence" refers to cel

lular adhesion dependent upon binding interaction(s). In the latter, the sub

strate is often poorly characterized. Both binding and adherence reactions may 

be nonspecific in nature, e.g., polar forces. "Agglutination" refers to clumping 

of particles coated with ligand. ''Adsorption" refers to removal of ligands from 

solution by precipitation. Lastly, "Colonization" refers to the ability of bacteria 

to localize and remain viable at a specific anatomical site. 

llst of Abbreviations 

As4o 
al[I]-

Bm 

BMP 

ca. 

AUC 

cfu 

Col 

cpm 

df 

EDTA 

Fn 

GHCl 

absorbance at 540 nm 

"alpha one" chain of type I collagen 

Brain Heart Infusion Broth 

Bone Matrix Proteins 

approximately 

percentage area under the curve 

colony forming units 

type I collagen 

counts per minute 

degrees of freedom 

ethylenediaminotetraacetic acid 

fibronectin 

guanidium hydrochloride 
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i.v. 

ITR 

kD 

Kd 

KSCN 

·MIC 

Mr 

mS110 

PBS 

pfu 

PGE2 

RGD 

SDS-PAGE 

TCA 

TE 

TSA 

vs. 

intravenous 

inverted terminal repeats 

kilo-Daltons 

dissociation constant 

potassium isothiocyanate 

minimum inhibitory concentration 

molecular weight 

modified Staphylococcus Medium 110 

phosphate buffered saline 

. plaque forming units 

prostaglandin E2 

arginine-glycine-aspartic acid 

sodium dodecyl sulphate polyacrylamide gel 

· electrophresis 

trichloroacetic acid 

Tris-EDTA buffer 

Tripticase Soy Agar 

versus 
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SUMMARY: 

1. The majority of clinical S. aureus isolates from infected 

human bone share the property of agglutination for particles _coated 

with type I collagen. 

· 2. A clinical isolate, strain #16 demonstrated strong binding 

affinity to radioiodinated type I collagen. 

3. The same strain was transposon-mutated to a hereditary 

mutant condition with reduced collagen-binding _affinity for both 

types I and II collagen. 

4. Both the parent and mutant were otherwise isogenic. 

5. In absorption studies using commercial collagen, the NBl 

mutant differed from parent with respect to binding affinity for 

al[I]-chains, but not a2[I]-chains. 

6. In absorption studies using isolate bone matrix proteins, . 

the mutant again differed from parent.with respect-to binding af

finity to al[I]-chains. 
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North-Carolina State University 

Box 7614 
Raleigh, NC 27695-7614 
i919) 737-2292 
FAX: (919) 737-3355 

Thomas B. Buxton, M.S. 
VA Medical Center 
Augusta, GA 30903 

Dear Mr. Buxton, 

Department of Genetics 
College of Agriculture and Life Sciences 

May 22, 19-91 

The bacteria you- sent us were analyzed . by the conventional methods 
typically used in this laboratory to identify Staphylococcus species and strains. 
The results found for the three strains were identical. 

1) Coagulase positive 

2) Api reaction test: 

phosphatase + 
urease + 
{J-glucosidase + 
mannose + 
mannitol + 
trehalose + 
fJ-glucuronidase 
arginine 

3) Conventional carbohydrates: 

Positive: trehalose, mannitol, sucrose, maltose, mannose, lactose, ribose, 
slow-turanose, weak-melezitose. 

Negative: arabinose, xylose, xylitol, cellobiose. 

4) Hemolysis: weak after 3 days on Bovine blood plates. 

5) Antibiotic profil~: 

#16 parent: _Susceptible to gentamicin, oxacillin, clindamycin, 
chloramphenicol, tetracycline, vancomycin, streptomycin, 
lincomycin, kanamycin, novobiocin, erythromycin; resistant to 
pencillin. 

North Carolina State University is a land-grant university and a constituent institution of The University of North Carolina. 
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./ 

NB-1: 

NB-2: 

Susceptible to gentamicin, oxacillin, chloramphenicol, 
tetracycline, vancomycin, streptomycin, kanamycin, novobiocin; 
resistant to penicillin, clindamycin, lincomycin, erythromycin. 

Same as NB-1 

6) Colony morphology:· All strains appeared similar ·in ~orphology 
(pigmentation, .. diameter ·of ·colony) with the parental 
strain· sh,owing slightly darker· pigmentation on one 
instance. · 

7) Plasmid analysis: The strains contained no plasmids. 

From the above data, our laboratory has concluded that the three microorganism 
are the same strain of Staphylococcus aureus. It should be noted that NB-2 did 
produce a sec~or which was further analyzed. It differed from NB-2 by being more 
hemolytic, non-pigmented and positive for arginine utilization on Api reaction 
test. This culture would have to be tested further for chromosome restriction 
digest patterns before we could determine its identity and relationship to NB-
2. It might have been a contaminant prior to mutagenesis or might be a 
pleiotropic mutant of the parental strain. 

In your acknowledgments, pl~ase recognize Wesley Kloos and Tammy Bannerman 
(Genetics Department, North Carolina State University). 

Sincerely, 

Tammy Bannerman 

TB:bl 




