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INTRODUCTION: 

A. Statement of the Problem: 

Periodontal disease is the general description given to the inflammatory 

response of the gingiva, bone, and underlying connective tissue to dental plaque 

(Loesche, 1993). A micro-organism must meet four criteria to be pathogenic. It 

must attach to host tissue, grow and multiply in the host's environment, evade the 

host defense mechanisms, and be capable of damaging host tissues (Smith, 1975). 

The majority of bacteria associated with periodontal disease are gram-negative 

anaerobes. Porphyromonas gingiva/is and Prevotella intermedia, former members 

of the genus first described by Oliver & Wherry (1921), are suspected to play a 

major role in the pathogenesis• of periodontal disease and are also implicated in 

endodontic infections as well as soft tissue infections of the head and neck 

(Zambon and Nisengard, 1994). Heme is a required factor for growth for both P. 

gingiva/is and P. intermedia (Gibbons and MacDonald, 1960) and the most likely 

natural source of heme for these organisms is their host. However, gingival 

crevicular fluid contains specific heme-binding proteins that could impede the 

acquisition of heme by the pathogens (McKee et al., 1986). P. gingivalis and P. 

intermedia grow in vivo in the presence of albumin, hemopexin, and haptoglobin 
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which implies that these organisms can overcome the heme-withholding properties 

of the potentially protective proteins. Possible mechanisms involved in heme

uptake include the expression of high-affinity heme receptors, bacterial proteolysis, 

or a combination of the two. It has been shown that there are an increased number 

of proteolytic bacteria in active periodontitis patients (Grenier and Turgeon, 1994). 

As both P. gingivalis and P. intermedia are highly proteolytic, the involvement of 

their proteolytic enzymes in the release of protein-bound heme must be considered. 

The specific aims of this study were: 

1) To determine whether P. gingiva/is and P. intermedia possess proteolytic 

enzymes that promote degradation of hemopexin and haptoglobin. 

2) To determine whether ape-forms of the mammalian heme-sequestering 

proteins (hemopexin and haptoglobin) are more or less susceptible to 

bacterial proteolysis than are the hole-forms. 

B. Review of Related Literature: 

Both P. gingivalis and P. interf!ledia are considered members of the group 

informally called black-pigmenting bacteria (BPB) because of their ability to produce 

black colonies when grown on blood agar. P. gingivalis, formerly Bacteroides 

gingivalis (Shah and Collins, 1988), is a gram-negative, non-motile, non-spore

forming, obligate anaerobic, pleomorphic rod that is often isolated frpm patients with 
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various forms of periodontal disease. This bacterium is rarely isolated from the 

healthy gingival sulcus, but is found in increased concentrations routinely in 

periodontitis (Tanner et al, 1979, Spiegel et al, 1979). P. gingiva/is is one of the few 

BPB shown to be_ virulent in lab animals when injected subdermally but it is 

significant that strains grown with additional hemin caused 100% mortality in mice 

whereas heme-starved cells produced a mortality rate of 20-50% (McKee et al., 

1986). Using the data from the above study, it can be speculated that heme may 

enhance virulence and pathogenesis. The BPB possess other virulence factors that 

may contribute to their pathogenesis as well. P. gingivalis expresses fimbria 

apparently involved in the binding of the bacterium to red blood cells (Slots and 

Genco, 1979). P. gingivalis has been shown to produce a variety of potentially 

harmful enzymes including collagenase, gingipain (a trypsin-like enzyme), 

keratinases, hemolysins, fibrinolysins, hyaluronidases, phospholipase, alkaline 

phosphatase and acid phosphatase (Zambon and Nisengard, 1994). P. gingivalis 

also produces an extracellular capsular polysaccharide that may inhibit 

phagocytosis by host immune cells. Avirulent strains express lesser amounts of 

capsular material than virulent strains (Okuda and Takazoe, 1973). 

P. intermedia, formerly Bacteroides intermedius (Shah and Collins, 1990), 

is also a gram-negative, non-motile, non-spore-forming, obligate anaerobic, 

pleomorphic rod. It produces beta-galactosidase differentiating it from other 

members of the genus (Zambon and Nisengard, 1994). This organism is found in 
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moderate to severe gingival and periodontal inflammatory conditions (Tanner et al, 

1979, Spiegel et al, 1979), gingivitis associated with pregnancy (Kornman and 

Loesche, 1980), as well as acute necrotizing ulcerative gingivitis (ANUG) (Loesche 

et al., 1982). It possesses a number of potential virulence factors such _as acid 

phosphatases, gelatinases, trypsin-like enzymes, epitheliotoxin, fibroblast growth 

inhibitors, lgA proteases, lgG proteases, and superoxide dismutase (Zambon and 

Nisengard, 1994). 

Slots and Listgarten (1988) recognized that P. gingivalis, P. intermedia and 

Actinobacil/us actinomycetemcomitans seem to be important organisms in 

advancing periodontitis in man. These organisms are recovered in higher 

prevalence and proportions from progressive periodontitis lesions than from "non

active" periodontal sites. Antibody levels _ against P. gingivalis and A. 
I 

actinomycetemcomitans are markedly elevated in the serum and the gingival 

crevicular fluid of patients with periodontitis when compared to periodontally 

"healthy" patients (Slots and Listgarten, 1988). P. gingiva/is and P. intermedia 

express many proteases that have the potential to disrupt important host defenses 

and cause destruction of the constituents of the periodontal tissues (Slots and 

Listgarten, 1988). P. gingivalis _ secretes trypsin-like enzymes that could be 

important virulence factors, primarily because these enzymes· may allow the 
' . . 

organisms to grow in the presence of the inflammatory mediator~ of the host (Slots, 

1981). P. gingiva/is and P. intermedia possess the ability to penetrate the gingival 
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epithelium such that their capsular polysaccharide, an immunologically active 

compound, as well as cytotoxic enzymes and molecules_are presented directly to 

the host's inflammatory cells (Loesche, 1993). This ability may distinguish these 

species from the myriad of other gram-negative species that inhabit the subgingival 

plaque. It has been suggested that the bacterial nutritional needs of both of these 

organisms are met through the gingival crevicular fluid that contains a variety of 

inflammatory mediators and products of tissue breakdown (Loesche, 1993). The 

elimination of P. gingivalis is usually concomitant with a healing process (Slots and 

Listgarten, 1988), (Hafstrom et al., 1994). 

Heme is a factor for growth for both P. gingiva/is and P. intermedia (Gibbons 

and MacDonald,· 1960), required as a co-factor in the conversion of fumarate to 

succinate (fumarate reductase system) ~nd in the production _of cytochromes 

(Gottschalk, 1986). Heme is also needed for the synthesis of catalase and 

superoxide dismutase (Rocha and Smith, 1995). Mayrand and McBride (1980) 

found that the hemin growth requirement for P. gingivalis coulq be obviated by a 

second or "helper" organism (in their study Klebsiel/a pneumoniae).- Neither P. 

gingiva/is nor Klebsiella pneumoniae was infective alone in a guinea pig model. 

However, in the presence of the "helper" organisms, the metabolic requirement for 

growth of the P. gingiva/is was satisfied, resulting in a broadly spreading necrotic 

lesion. The Jactor was found to be succinate which, at substrate concentrations, 

circumvented the hemin requirement. Any organism that produced 
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succinate was able to stimulate growth of P. gingiva/is on agar medium and could 

replace K. pneumoniae as a member of the infectious consortium. The need for the 

second organism in experimental infections could be eliminated by providing the P. 

gingivalis with either agar-immobilized succinate or hemin. 

The most important tetrapyrrole in the animal kingdom is heme (iron 

protoporphyrin IX). In the mammalian system, heme biosynthesis is initiated in the 

mitochondrion of the cells. The majority of the body's heme resides in erythrocytes 

but hemolysis of erythrocytes as a result of inflammation, causes the release of free 

hemoglobin. The major route for hemoglobin degradation within the human body 

begins with the engulfment of senescent erythrocytes by the cells of the reticulo

endothelial system. lntravascular hemolysis of these erythrocytes occurs in 

pathologic conditions as well as during normal wear and tear of the cells. 

Hemoglobin is also released when tissues are damaged or where repair of tissues 

is continually taking place as in periodontal disease. Hemoglobin released into the 

circulation or gingival crevice is immediately bound to haptoglobin (Smith, 1990). 

Hemoglobin can be oxidized into methemoglobin that is further dissociated to globin 

and heme. Free heme products within the host tissues potentially result in 

peroxidative catalysis of membranes causing significant damage and releasing 

inflammatory pathway mediators (ie. prostaglandins, thromboxane A2, 

leukotrienes)(Muller-Eberhard and Nikkila, 1989). Heme-binding proteins occurring 

in the serum and gingival crevice (Tollefsen and Saltvedt, 1980) assist in the 
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recycling of heme and hemoglobin to the liver and prevent this potential oxidative 

damage to cellular components by uncomplexed heme (Muller-Eberhard and 

Nikkila, 1989). 

Gingival crevicular fluid is similar to serum with respect to the presence and 

concentrations of these heme-binding proteins (Cimasorii; 1983). The principle 

heme-sequestering proteins (with their respective serum concentrations) are 

albumin (~40 mg/ml), haptoglobin (1.2-3.0 mg/ml), and hemcipexin (0.5-1.2 

mg/ml)(Tollefsen and Saltvedt, 1980) and these provide important links for the 

transport and conservation of iron in vivo. In the gingival crevice, heme-requiring 

bacteria must obtain the necessary heme in the presence of these high affinity 

heme-sequestering host proteins either by expression of high-affinity heme 

receptors or by proteolysis (or by a combination of the two). 

Albumin, the most prominent heme-binding protein, has a comparatively low 

heme-binding affinity (see below) but is present in high concentrations(~ 40 mg/ml) 

in both plasma and gingival crevicular fluid (Tollefsen and Saltvedt, 1980). This 

protein may act to bind heme immediately but temporarily before it is transferred to 

the liver as heme-hemopexin (Smith, 1990). Albumin binds a vast array of ligands 

including tetrapyrroles. Albumin makes up 60% of total plasma protein and 

contributes about 80% of the colloid osmotic pressure that retains fluid within blood 

vessels (Peters, 1985). It is an unglycosylated, highly water-soluble stable 

polypeptide of 585 amino acids, possessing a molecular weight of 68,000 (Morgan 
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et al., 1976). Albumin has several binding sites for heme with the primary binding 

site having a dissociation constant (Kd) = 1 o-s M (Muller-Eberhard and Nikkila, 

1989). The other heme-binding sites have a lower affinity on the order of Kd = 1 o-s 

M (Smith, 1990). Even when bound to albumin, heme retains more than one half 

of its activity for peroxidative catalysis of membranes (Vincent et al., 1988). 

Consequently heme is preferentially transported via hemopexin for either elimination 

or reutilization in the liver. Upon addition of heme in the presence of hemopexin 

and albumin, the heme is initially bound to. albumin but 80% is transferred to 

hemopexin within 24 hours (Morgan et al., 1976). The high GCF concentrations of 

albumin would mitigate against the total bacterial proteolysis of albumin . It has 

been shown recently that P. gingivalis and P. intermedia can remove heme from 

albumin therefore there may be no need to degrade albumin to free the hemin 

(Tompkins et al., accepted). 

Hemopexin is a serum glycoprotein produced in the parenchymal cells of the 

liver and is composed of a single stranded polypeptide chain of 57,000 Daltons 

(Muller-Eberhard and Morgan, 1975). Hemopexin has a high affinity for heme and 

is thought to preferentially. acquire heme bound to other circulatory proteins (ie. 

albumin). Hemopexin binds heme in a 1 :1 molar ratio with a Kd = 10-13 M (Hrkal et 

al., 1974). The~ has not yet been established accurately because of the extreme· 

affinity hemopexin has for heme, but the Kd is at least four orders of magn_itude 

lower than that of albumin (Smith, 1990). Even at physiologic 
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concentrations of albumin and hemopexin (70 albumin: 1 heme: 1 hemopexin) 

heme is transferred from albumin to hemopexin (Smith, 1990). Once the heme is 

bound to hemopexin, the complex returns to the hepatocyte plasma membrane for 

deposition of the heme and the subsequent release of the apoprotein. In the 

presence of increased hemolysis, synthesis of hemopexin increases which in turn 

increases the amount in the serum. Hemopexin is thought to be quite stable in 

plasma, especially when bound to its ligand. Morgan et al. (1988) and Smith et al. 

(1988) found that upon binding heme, at least three types of conformational 

changes occur in hemopexin that regulate receptor recognition in the liver. 

Furthermore the ligand-complex form increases the resistance of hemopexin to 

proteolytic degradation. In all gel electrophoretic systems, hemopexin exhibits 

molecular heterogeneity, a common phenomenon for many proteins (Muller

Eberhard, 1988). As hemopexin is present in significant concentrations in the 

gingival crevicular fluid,- heme-requiring bacteria must possess some mechanism 

for acquisition of heme in the presence of this high affinity binding protein. 

Haptoglobin is a naturally occurring hemoglobin-binding plasma protein with 

a molecular weight of 98,000 (Smith, 1990) and a ligand-dissociation constant of 

less than 10-15 M (Hwang and Greer, 1980). Haptoglobin binds hemoglobin at a 

stoichiometric equimolar ratio (Bowman, 1988) and the concentration of haptoglobin 

in serum is increased during inflammation and decreased after hemolysis (Eaton et 

al, 1982). Although hemoglobin is very resistant to proteolysis, haptoglobin is 
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specifically cleaved by several proteases (Lustbader et al.,_ 1983). When bound to 

hemoglobin however, the hemoglobin-haptoglobin complex is considerably more 

stable and relatively resistant to proteolysis (Smith, 1990). Eaton et al. (1982) 

proposed that haptoglobin not only accelerates the clearance of free hemoglobin, 

but also reduces its availability to pathogenic bacteria suggesting that haptoglobin 

acts as a natural bacteriostat. Eaton's study (1982) conceived the idea that 

haptoglobin may have therapeutic potential in the treatment of hemoglobin

dependent bacterial infections and this concept may have applications to 

periodontitis. If haptoglobin (or for that-matter, hemopexin) sequesters the available 

heme required by certain periodontopathic bac~eria, it could limit the growth of these 

organisms and hence the progression of disease. 

Chu et al. (1991) studied the hemolytic activity in P. gingivalis and the 

kinetics of enzyme release and localization. All of the P. gingiva/is strains studied 

produced an active hemolytic activity during growth, with the maximum activity 

occurring in the late-exponential-early-stationary growth-phase. Upon fractionation 

of P. gingivalis WSO, the putative hemolysin was isolated mostly from the outer , 

membrane fraction, with significant hemolytic activity concentrated in the outer 

membrane vesicles. Antiserum to whole cells of each P. gingivalis strain had a 

significant inhibitory effect on hemolytic activity. Heme-limitation resulted in 

significantly increased hemolysin production compared with that of P. gingiva/is 

grown in the presence of excess heme (Chu et al., 1991). Karunakaran and Holt 
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(1993) speculated that the hemolysin produced by P. gingiva/is functions to provide 

the cell with its required heme in the gingival sulcus. When Escherichia coli cells 

harboring the cloned hemolysin genes were subjected to iron starvation, th~ levels 

of hemolysin activity increased (Karunakaran and Holt, 1993). Elevated levels of 

hemolytic activity were obtained from the E. coli recombinant strains in the presence 

of glutathione, dithiothreitol (DTT) and 2-mercaptoethanol. These reducing agents 

may mimic the environment found in the gingival sulcus. 

Many investigators have studied the proteolytic ability of BPB. Carlsson et 

al., (1988) examined the proteolytic degradation of albumin, hemopexin, 

haptoglobin and transferrin, by incubating various BPB species in human serum. 

Strains of P. gingiva/is were most effective, degrading all four plas~a proteins at 

different rates with hemopexin degradation being the most rapid and complete. 

Strains of P. intermedia showed insignificant hemopexin and haptoglobin 

degradation after two days whereas both transferrin and albumin breakdown were 

intermediate. However, these findings are difficult to relate to the availability of iron 

for bacterial growth within the gingivai sulcus because the prolonged incubations 

used for this experiment are inconsistent with the dynamic and continuous influx of 

gingival crevicular fluid proteins into the gingival sulcus. For most of the proteins 

studied, a 24-hour interval was required before significant degradation was 
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observed. The rocket immunoassay used in the Carlsson et al. (1988) study could 

also have produced misleading results because large cleaved protein fragments 

may retain antigenicity. 

Grenier et al. (1989) characterized the proteases produced by P. gingivalis 

using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SOS-PAGE); a 

total of eight different bands appeared suggesting eight distinct proteases. Smalley 

at al. (1991) reported that P. gingivalis W50 cells grown under hemin-excess 

conditions showed increased protease activity compared with cells grown under 

hemin-limitation conditions. Fishburn et al. (1991) showed that culture supernatants 

of P. gingivalis were able to degrade albumin and heavy chain immuhoglobulins, 

w_hile degrading transferrin and light chain immunoglobulins to a lesser degree. 

This proteolysis correlated with the activity of the thiol-activated trypsin~like enzymes 

and in the mixed subgingival flora, organisms generate thiol compounds from 

plasma proteins (Persson et al., 1989). Even though iron liberated from the 

degraded transferrin could potentially be used by the BPB, other studies (Carlsson 

et al., ·1984) have shown this not to be the case in vitro. Sojar et al. (1993) isolated 

c) protease from P. gingivalis that was capable of cleaving the a2 chain of salt

soluble collagen in the presence of CaCl2 and OTT at room temperature and at 37 

°C. After incubation for 16 hours, both collagen chains were cleaved. The enzyme 

did not degrade acid-soluble collagen of calf skin or type I or V collagens derived 

after acid- solubilization and digestion from human placenta. Their research did 
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however show hydrolysis of apotransferrin, transferrin, and rat plasma kininogen -

with incubations of 20 hours. They suggested that since the enzyme has the ability 

to cleave the proteins kininogen and transferrin, it may have a specificity for the Pro

X-Gly sequence found in other proteins such as Type .I collagen. Bedi and Williams 

(1994) purified a protease from P. gingiva/is that was capable of hydrolyzing Type 

I, Ill, IV and V collagens from human placenta, and type I collagen from rat tail and 

calf skin. This protease was unable to hydrolyze type II collagen from chicken 

sternal cartilage. The 55 kDa enzyme was also capable of hydrolyzing the C3 

component of complement, fibrinogen, fibronectin, a1-antitrypsin, a-2 

macroglobulin, apotransferrin, and human serum albumin. A reduced environment 

obtained with DTT, L-cysteine, or glutathione activated the enzyme. This study 

suggests that the protease is able to degrade the connective tissue components of 

periodontal tissue and the proteins of the host defense mechanisms in a reduced 

environment such as a periodontally.involved sulcus. Pike et al. (1994) investigated 

the significance of P. gingivalis hemagglutin-protease complexes. They identified 

two distinct proteinases covalently linked to hemagglutins in the P. gingivalis culture 

fluid; one specific for arginine and the other for lysine. These complexes were 

suggested to be important in the requisition of hemin by the organisms via 

hemagglutination and subsequent hemolysis of red blood cells. 

P. gingiva/is requires iron as hemin for growth in vitro (Sawyer et al., 1962), 

but the contributions of the porphyrin ring structure, porphyrin-associated iron, host 
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hemin-sequestering molecules, and host iron-withholding proteins to its survival 

have not been studied in depth. Carman et al. (1990) found that hemin levels 

in culture medium of P. gingivalis regulate both -hem in -bind~ng and -trypsin-like 

protease production. The amount of hemin rem·oved from a buffered solution by 

both cells and outer membrane was significantly larger if bacteria had been grown 

in broths supplemented with hemin (5 mg/I). At the same time, cells grown without 

supplemental hemin bound relatively little heme but all bacterial preparations bound 

some hemin. This paradoxical finding may be attributed to the fact that Carman's 

study measured total, rather than specific hemin binding and most of this effect is 

due to the lipophilic nature of the hemin that results in binding to the bacterial 

lipopolysaccharide (LPS)(Grenier, 1991 ). The biological relevance of LPS-mediated 

hemin binding has recently been challenged because it is completely inhibited by 

serum albumin (Tompkins et al., in press, 1997) and is not unique to the BPBs. 

Carman et al. (1990) also found that hemin stimulated the production of 

significantly higher levels of trypsin-like protease by P. gingivalis W50. 

Bramanti and Holt, 1991, studied the influence of porphyrins and host iron 

transport proteins on the regulation of growth of P. gingivalis W50 and found that 

cell envelope-associated hemin and iron stores sustained the prolonged growth of 

P. gingiva/is in hemin-free culture. Depletion of these reserves required eight serial 

transfers (1 :9) into hemin-free medium to completely deplete stored heme. 

Comparable growth of P. gingivalis was observed with various sources of hemin 



15 

including hemoglobin, methemoglobin, myoglobin, hemin-saturated serum albumin, 

lactoperoxidase, cytochrome c, and catalase. Normal growth was also supported 

by the presence of haptoglobin-hemoglobin and hemopexin-hemin complexes. 

Without an exogenous iron source, protoporphyrin IX did not support P. gingivalis 

growth. These findings suggest that the iron atom in the hemin molecule is the 

critical constituent for growth and that the tetrapyrrole porphyrin ring structure may 

represent an important vehicle for delivery of iron into the P. gingiva/is cell. The 

bacterium exhibited growth in the presence of non-heme iron sources including high 

concentrations of ferric, ferrous, and nitrogenous inorganic iron but' an important 

consideration is that the concentrations used for alternate sources of iron were far 

above physiologic concentrations of inorganic iron. 

Grenier (1991 ), examined the hemin-binding property of the P. gingivalis 

outer membrane. He suggested that the outer membrane of P. gingivalis has a 

"high" affinity for hemin, although he did not measure the affinity, and showe9 that 

the hemin-binding property was mediated by the lipopolysaccharides, particularly 

the lipid A region. He suggested that this binding mechanism may be important for 

the growth of P. gingivalis in environments with a low hemin content such as the 

gingival crevice. Again these conclusions are questionable, however, as heme 

(hydrophobic) would naturally bind to most lipids. 

Opposing the concept that LPS mediates bacterial heme acquisition, Smalley 

et al. (1993) studied the hemin-binding proteins of P. gingivalis W50 grown in a 
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chemostat under hemin-limitation. They reported three hemin-binding proteins 

expressed by the cells grown under hemin limitation and suggested that these 

proteins reflect additional cell surface receptor systems for hemin acquisition under 

low environmental levels of this essential factor for growth. Further supporting the 

contention that bacterial heme acquisition is mediated by proteins, Bramanti and 

Holt, (1992) described a 26 kDa hemin-regulated surface protein (OMP 26) 

expressed P. gingivalis grown under hemin-starved conditions and lost from the cell 

surface in response to the presence of certain porphyrins (i.e. hemin). These 

investigators proposed that Omp26 plays a role in hemin acquisition by P. gingivalis 

and studied [55Fe]hemin uptake by P. gingivalis grown under conditions of hemin 

starvation and hemin excess. Approximately 70% of the [55Fe]hemin uptake 

occurred within 3 minutes in hemin-starved cells which took up six times more 

[55Fe]hemin than did hemin-excess-grown cells. When _cells grown under 

conditions of hemin excess were treated with the iron chelator 2,2'-bipyridyl to 

induce an iron stress, Omp26 was detected on the cell surface after 1 hour. These 

workers concluded that OMP 26 may be exported to the outer membrane surface 

for hemin binding and subsequently imported back across the outer membrane 

during intracellular hemin transport. The finding of Bramanti and Holt are 

supported by the recent report by Tompkins et al., (in press, 1997) who have shown 

that both P. gingiva/is and P. intermedia express heme-repressible proteinaceous 

hemin-binding sites with affinities greater than that of serum albumin but less than 
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that of hemopexin. These workers concluded that an auxiliary mechanism 

(probably proteolytic enzymes) are req_uired by these organisms to facilitate heme 

release from GCF heme-binding proteins (Tompkins et al, in press, 1997). 

The current investigation examines _the hypothesis that P. gingiva/is and P. 

intermedia alter the heme-sequestering proteins hemopexin and haptoglobin in 

order to release heme for use as a factor for growth. This investigation examines 

the susceptibility of these heme-sequestering plasma proteins to bacterial 

proteolysis under physiologic time frames and concentrations. 



MATERIALS AND METHODS 

Bacterial strains and conditions: 

Prevotella intermedia (ATCC 25611) and Porphyromonas gingivalis (A TCC 

33277) were obtained from the American Type Culture Collection (Rockville, MD) 
l 

and maintained on trypticase soy agar (Difeo Laboratories, Detroit, Ml.) enriched 

with menadione (0.5 µg/ml), hemin (5 µg/ml), and sheep whole blood (5% v/v) 

(TSB-SB). All liquid media were pre-reduced for at least 48 hours prior to 

inoculation and all bacterial culturing was performed at 37° C under anaerobic 

conditions [85% N2 , 10% H2, and 5% CO2 (v/v)] provided by a glove box (Forma 

Scientific, Marietta, OH). Starter cultures (5ml) grown in trypticase soy broth (TSB) 

supplemented with menadione (0.5µg/ml)(TSB-M) were inoculated from plate 

cultures and incubated for 48 hours. Aliquots were then used to inoculate l~rger 

flasks at a dilution of 1: 1000 of either TSB-M or TSB-M supplemented with hem in 

(5 µg/ml)(TSB-MH). Flasks were incubated for 48 hours to allow cultures to enter 

the early stationary growth phase. Culture purity was assessed by Gram stain and 

by subculture on TSB-SB. Cultures were cool~d in iced water and the cells washed 

and harvested by three cycles of centr_ifugation-resuspension in cold PBS 

18 
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(potassium phosphate buffer [10 mM; pH 7.3] containing NaCl [130 mM]) at 6000 g 

for 20 minutes at 4°C. Some preparations were aliquoted and then frozen at -70° C 

for later use, but unless otherwise indicated, freshly harvested cells were used for 

subsequentexperimen~. 

Biochemicals: 

Heo,opexin purification: 

As human hemopexin was not available commercially, the protein was purified 

from human plasma. Plasma (500 ml) was obtained from the MCG blood bank, 

dialyzed against buffer A (see appendix A) overnight and then diluted 5 fold in buffer 

A. Hemopexin purification by hemin-agarose affinity chromatography and low 

pressure ion-exchange chromatography followed the method of Tsutsui and Mueller 

(1982). The diluted serum was clarified by centrifugation at 5000 rpm for 10 minutes 

and then loaded on the hemin-agarose column (Sigma Chemical Company, St. Louis, 

MO) at a flow rate of 25 ml/hr at 4°C. The column was subsequently washed with 

1 liter of buffer A at an increased flow ·rate of 50 ml/hr. The proteins were eluted 

from the resin by a continuous flow of 0.1 M acetic acid while ten 20 ml fractions were 

collected. Absorbance (280 nm) of each fraction was measured and fractions 

containing protein were pooled and dialyzed immediately against 2 liters of buffer B 

(see appendix). The buffer was changed twice more and the dialyzed protein was 

centri_fuged at 5000 rpm for 10 minute and then loaded on the SP Sephadex 
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C-50 column (SP Sephadex C-50, [Pharmacia, Uppsala, Sweden]) at a flow rate of 

30 mUhr. The column was subsequently washed with 100 ml of buffer B, and the 

adsorbed proteins were eluted with ·300 ml of a salt gradient (0.1-1.0 M NaCl in 20 

' 
mM sodium acetate, pH 5.2) at a flow rate of 30 ml/hr. Fractions were collected 

and absorbance monitored at 280 ·nni. ·The· second peak to emerge from· the 

column was hemopexin and the ·fractions containing .these eluants were pooled and 

dialyzed against tis~ue culture water. A modification to the purification method 

involved gel filtration· (Sephadex ·G-200, [Pharmacia, Uppsala, S~eden])as an 

additional final step. The Sephadex G.:.200 colu.mn was equilibrated with buffer (10 

mM KPi with 130 mM NaCl) and blue dextran was loaded on the column to 

determine the void volume. The column was developed at a flow rate of 30 ml/hr. 

The fractions containing the hemopexin were combined, lyophilized, and stored at .. 

-70° C for later analysis and use. This modification did not substantially reduce the 

yield of hemopexin obtained but greatly increased the purity. 

Haptoglobin: 

Haptoglobin was purchased from Sigma. Purity of the purchased 

haptoglobin was confirmed by SOS-PAGE and immunoblotting. (Figure 2) 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE): 

Sodium dodecyl sulfate polyacrylamide gels were prepared at a 

concentration of 12% for the separating gel and 5. 7% for the stacking gel according 
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the method of laemmli (1970). The separating gel was prepared by combining 5 

ml of lower Tris (1.5 M Tris base, 0.4% SDS at pH 8.8) with 8 ml of 30% 

acrylamide (30 g acrylamide, 0.8 g BIS acrylamide dissolved in water), 7 ml of 

tissue culture (TC) water, 20 µL tetramethylethylenediamine (TEMED), and 60 µL 

ammonium persulfate solution (APS), (10% prepared fresh daily). The preparation 

was degassed under vacuum and then poured between gel glass plates (18 X 16 

cm with 1 mm in between). The liquid was added to within about 3 cm of the top of 

the plates and immediately about 1 cm of tissue culture water was layered over the 

gel that was allowed to polymerize for at least 2 hours. The stacking gel was 

prepared by combining 2.5 ml of upper Tris (0.5 M Tris base, 0.4% SDS, pH 6.8), 

2.0 ml 30% acrylamide, 6 ml of TC water, 10 µl TEMED, and 30 µl APS. The 

water layer was removed from the lower gel and the gel surface rinsed once with 

TC water. The stacking gel was then cast ove~ the separating gel, a 15 well comb 

inserted, and the gel allowed to polymerize for at least 1 hour. Samples were 

prepared for SDS-PAGE by combining 70 µl of sample with 30 µl of 3X sample 

buffer (30 ml glycerol, 1.5 ml B-mercaptoethanol, 0.69 g SDS, 0.076g Tris base 

diluted to 10 ml and 0.1% bromophenol blue added to desired color darkness). All 

samples were then heated at 90-95 °C for 5 minutes and then loaded onto the 

stacking gel taking care when adding buffer not to disturb the samples. Electrode 

buffer (Appendix A) filled the electrophoresis chamber (Hoefer Scientific, San 

Francisco, CA), the electrodes were connected, and a constant current of 30 mA 



22 

applied. Constant current (30 mA) was applied until the tracking dye reached a 

distance within 0.5 cm of the end of the glass plates. The start and stop time and 

voltages were recorded, the current discontinued, the gels were carefully removed, 

and prepared for staining and analysis .. 

lmmunoblotting and enzyme linked immunosorbent assay (ELISA): 

For hemopexin purification, identical lanes were run on either side of the gel 

one half of the SOS-PAGE gel was stained to visualize proteins and the other half 

was transferred by electro blotting onto supported nitrocellulose i:nembrane (0.2 

µm, Bio-Rad, Hercules, CA) and hemopexin bands identified by ELISA using rabbit 

anti-human hemopexin serum (Oako Corporation, Carpinteria, CA) and an alkaline 

phosphatase-linked detection kit (Bio-Rad). The gel was allowed to equilibrate for 

15 minutes in transfer buffer, and the buffer changed every 5 minutes. The 

nitrocellulose membrane and thic~ filter paper were cut to the size of the SOS

PAGE gel. Both the membrane and filter paper were soaked in the transfer buffer 

(see Appendix A) for at least 15 minutes. The soaked filter paper was then 

positioned on the platinum surface of the electro blotting apparatus, and smoothed 

to remove air bubbles. The nitrocellulose membrane was subsequently placed on 

top of the filte~ paper, smoothed and covered by the second piece of filter paper. 

Gels were transferred by applying an electric current (15-25 Volts , current limit 3.0 

mA/cm2
) for 45 minutes. After the transfer, the membrane was removed with 
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membrane forceps and dried at 37°C for 30 minutes. The dried membrane was 

immersed into 50 ml of blocking solution (appendix A) and placed on a shaker for 

1 hour followed by a wash with 50 ml of TTBS (appendix A) for 10 minutes. The 

primary antibody was diluted 1 :250 in 25 ml of antibody buffer (1 % gelatin in TTBS) 

applied to the membrane and allowed to gently agitate for 1 hour. The membrane 

was then washed twice with 50 ml of TTBS for 5 minutes. The conjugate antibody 

was prepared by a 1 :3000 dilution of the secondary antibody [goat anti-rabbit 

conjugated to alkaline phosphatase (AP)] in 25 ml of antibody buffer (appendix A). 

The membrane was allowed to mix gently for 1 hour and was then washed twice 

with 50 ml of TTBS for 5 minutes. A final wash of the membrane was 

accomplished with 50 ml of TBS (Appendix A) for 5 minutes (this step removed 

remaining detergent). Finally the membrane was developed in 25 ml of AP color 

development buffer with 1: 100 dilution of color reagent A (Bio-rad) and 1: 100 

dilution of AP color reagent B (Bio-rad) for 30 minutes followed by rinsing with TC 

water twice for 10 minutes. The developed membrane was subsequently dried and 

analyzed by scanning densit,ometry. 

Coomassie Brilliant Blue G-250 (CBBG-250): 

Gels were stained by Coomassie Brilliant Blue G-250 (CBB) as described by 

Neuhoff et al. (1988). Briefly, 98 ml of 2% H3PO4 was added to 10 g of (NH4hSO4 

and 2 ml of 5% CBB to make the stock staining solution. Immediately prior to gel 
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staining, 80 ml of stock staining s,olution was added to 20 ml methanol a~d the gel 

was carefully placed in this solution overnight with gentle agitqtion. The gels were 

then destained by multip_le rinses of water and orie rinse of 25% methanol and then 

photographed. After s~anning densitometry analysis the-gels were dried for record. 

Scanning densitometry: 

All SOS-PAGE gels were analyzed utilizing a Shimadzu CS-9000U scanning 

densitometer linked to a NEC 386i computer equipped with the Shimadzu one

dimensional analysis (Version 1.0) software. Each lane was scanned individually 

at 590 nm, with a 0.2 mm X 2.0 mm beam size provided by a tungsten bulb. Protein 

bands were quantitated and compared by determining the area under each scanned 

peak. A decrease in the density of the protein bands indicated degradation of the 

protein. Data were statistically evaluated by non-parametric test using a computer 

software package (SigmaStat, Version 2.0, Jandel Corporation). 

Azocasein Protease Assay: 

The assay was modified from that described by Smibert and Krieg, (1994) 

Bacteria (108 cells/ml) were incubated in PBS with azocasein (0.24 mg/ml) for 3 

hours at 37° C. To some of the tubes, cysteine (1.57 mg/ml) was added to 

evaluate it's effect on the proteolytic activity of the bacteria. The reaction was 

halted by cooling the tubes in ice and adding an equal volume of iced 8% 
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trichloroacetic acid (TCA). After 10 minutes, the tubes were centrifuged at 10,000 

rpm to pellet the precipitated protein and 500 µl of the clear supernatant fluid was 

transferred to a cuvet:te. The absorbance (400 nm) was recorded (Shimadzu UV · 

160U spectrophotometer) after adding 500 µl of 0.5 M NaOH to intensify the color. 

Although the units of enzyme activity are arbitrary, it was convenient to let each 

0.001 increase in absorbance equal 1 U of activity. 

Optimization of proteolysis assays: 

initial experiments evaluated the optimal concentration of bacterial cells 

necessary for partial degradation of tested proteins. It was deemed necessary that 

not all of the protein be degraded in order to better evaluate the specificity of the 

proteolytic activity against the ape-protein and the protein-ligand complex. Ten-fold 

dilutions of bacteria (maximum 2 X 109 bacteria/ml as measured by absorbance at 

540 nm) were added to either hemopexin (1 mg/ml) or haptoglobin (3 mg/ml) and 

incubated for 3 hours at 37° with constant mixing. ~-cysteine (100 mM, Sigma) was 

added to all assay tubes to maximize proteolytic activity. The reaction was halted 

after 3 hours by the addition of tosyl-l-lysine chloromethyl ketone (TlCK, 1.0 mM) 

and EDTA (10.0 mM) as described by Chen et al., (1992) with cooling in ice. 

Analysis of the results indicated that 2 X 108 bacteria/ml produced partial but 

significant degradation. 
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Proteolysis assays: 

In each of the subsequent experiments 2 X 108 bacterial cells/ml were 

incubated with either hemopexin (1 mg/ml) or haptoglobin (3 mg/ml) for 3 hours 

at 37° C with constant mixing. To some assay tubes, either hemin or hemoglobin 

was added in equimolar concentrations to their respective binding proteins. L

cysteine (100 mM) was included in all assays to maximize proteolysis. For the 0 

time controls the protease inhibitors TLCK (1.0 mM) and EDTA (10.0 mM) were 

added to the pre-cooled assay tubes prior to the bacteria. Controls which included 

bacteria alone, cysteine alone, and the proteins with and without their respective 

ligands (without bacteria) were similarly incubated for 3 hours. Protease inhibitors 

TLCK (1.0 mM) and EDTA (10.0 mM) were 'added to the test and control tubes at 

the end of the 3 hours to halt the reaction. Following _the addition of the protease 

inhibito~s, the samples were centrifuged at 10,000 rpm for 5 minutes and cooled 

before analysis by· SOS-PAGE and scann.ing densitometry. Lanes were run in 

triplicate to determine variability. · Tables 1 and 2 show representative protocols for 

the statistical experiments. 
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Table 1 

Proteolysis assay protocol of BPS against haptoglobin and haptog/obin
hemog/obin 

Tube# Buffer BPB (-) pl Haptoglobin Hemoglobin Cysteine Time 

~ µl 108 pl pl pl interval 

cells/ml hours 

Std - - - - - 3· 

2 8"0 - 10 - 10 3 

3 80 - 10 . - 10 3 

4 80 - 10 - 10 3 

5 70 10 10 - 10 3 

6 70 10 10 - 10 3 

7 70 10 10 - 10 3 

8 - - - - - -

9 70 - 10 10 10 3 

10 70 - 10 10 10 3 

11 70 - 10 10 10 3 

12 60 10 10 10 10 3 

13 60 10 10 10 10 3 

14 60 10 10 10 10 3 

* Tube numbers were adjusted to be the same as lane numbers. 
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Table 2 

Proteolysis assay protocol of BPS against hemopexin and hemopexin
hemin 

Tube# Buffer BPS(-) pl Hemopexin Hemin Cysteine Time 
* pl 108 pl pl pl interval 

cells/ml hours 

Std - - - - - 3 

2 80 - 10 - 10 3 

3 80 - 10 - 10 3 

4 80 - 10 - 10 3 

5 70 10 10 - 10 3 

6 70 10 10 - 10 3 

7 70 10 10 - 10 3 

8 - - - - - -

9 70 - 10 10 10 3 

10 70 - 10 10 10 3 

11 70 - 10 10 10 3 

12 60 10 10 10 10 3 

13 60 10 10 10 10 3 

14 60 10 10 10 10 3 

* Tube numbers were adjusted to be the same as lane numbers. 



RESULTS 

Hemopexin Purification: 

Purification of hemopexin carried out by the method described yielded 3 mg 

of protein from 500 ml of human plasma. The protei'n purity, evaluated by 12% 

SOS-PAGE, electro blotting, and ELISA was greater than 93% (Figure 1 ). 

Other efforts to improve the hemopexin purification process included an 

attempt to initially remove albumin from the plasma using ion exchange 

chromatography with either Blue Dextran or Fractogel HW65 - Cibracron Blue F3GA 

(Johnston et ai., 1990), but this was ineffective. Substitution of the standard ion 

exchange chromatography by medium pressure chromatography (Consep LC100 

with SP MemSep HP 1000, Perseptive Biosystems) was also unsuccessful 

following the initial hemin-agarose affinity step because the ·large amount of loaded 

protein prevented rapid and effective regeneration of the column.· 
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Figure 1: Determinat!on of hemopexin purity 

Hemopexin was purified from fresh frozen plasma by the method of Tsutsui 

and Mueller (1982J. Purity was assessed by SOS-PAGE (BJ and scanning 

densitometry (AJ. Protein identity was confirmed by electroblotting followed by 

ELISA (CJ. The two main peaks (BJ were identified as hemopexin and scanning 

desitometry indicated 93. 6% purity (peaks 1 plus 2J. 
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Comparison of proteolytic activities of stored (frozen) and freshly prepared 

bacteria: 

To simplify and standardize proteolytic assays, initial experiments examined 

the proteolytic activity of bacteria that had been grown in a large batch stored frozen 

for six months (stored bacteria). However, determination by SOS-PAGE, showed 

negligible degradation of haptoglobih when incubated with stored cells of either P. 

gingivalis or P. intermedia (Figures 2 and 3). The proteolytic activities of stored and 

freshly harvested bacteria were therefore compared by the azocasein assay (Figure 

4). The results indicated that 6 months frozen storage reduced proteolytic activity 

to less than 33% of that of fresh P. gingivalis cells (Figure 4). Similarly prolonged_ 

freezing reduced the proteolytic activity of P. intermedia by approximately 50% 

(Figure 4). Furthermore the addition of cysteine did not increase proteolytic activity 

of either organism (Figure 4). All subsequent experiments used freshly grown and 

harvested bacteria. 

Comparison of proteolytic activities of· heme-replete and heme-starved P. 

gingivalis directed against haptoglobin: 

Freshly harve_sted and washed P. gingivalis cells clearly degraded both · 

haptoglobin and the haptoglobin-hemoglobin complex during. the 3 hour incubation 



Figure 2: Proteolytic activity of previously frozen P. gingivalis against 

haptoglobin and haptog/obin-hemoglobin: comparison of heme-replete and 

heme-starved bacteria. 

P. gingivalis cells were frozen in PBS for six months. Following thawing, 

washed bacteria ( 4 X 109 cellslmL) were incubat~d for 0 or 3 hours at 37° C with 

either haptoglobin (3. 0 mglmL) or haptoglobin (3. 0 mglmL) and hemoglobin (2. 0 

mglmL) in PBS. All controls (lanes 2-6) were incubated for 3 hours. Incubation was 

terminated by cooling and addition of TLCK (1.0 mM) and EDTA (10.0 mM). 

Bacteria were removed by centrifugation and supematants examined by SDS

PAGE. 

lane 1 - blank 

lane 2 - heme-starved P~ gingivalis cells {P.g. (-)] control 

lane 3 - heme-replete P. gingivalis cells °£P.g. (+)] control 

lane 4 - haptoglobin control 

lane 5 - haptoglobin-hemoglobin control 

lane 6 - cysteine control 

lane 7 - P.g. (-) plus haptoglobin (0 hour) 

lane 8 - P.g. (-) plus haptoglobin-hemoglobin (0 hour) 

lane 9 - P.g. (+) plus haptoglobin (0 hour) 

lane 10- P.g. (+) with haptoglobin-hemoglobin (0 hour) 

lane 11 - P.g. (-) plus haptoglobin (3 hours) 

lane 12 - P.g. (-) plus haptoglobin-hemoglobin (3 hours) 

lane 13 - P.g. (+) plus haptoglobin (3 hours) 

lane 14 - P.g. (+) with haptoglobin-hemoglobin (3 hours) 

lane 15- molecular weight standard: A - 116,250 Da, B - 66,200 Da. 
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Figure 3: Proteolytic activity of previously frozen P. intermedia against 

haptoglobin and haptoglobin-hemoglobin: comparison of heme-replete and 

heme-starved bacteria. 

P. intermedia cells were frozen in PBS for six months. Following thawing, 

washed bacteria ( 4 X 109 cellslmL) were incubated for 0 or 3 hours at 37° C with 

either haptoglobin (3. 0 mglmL) or haptoglobin (3. 0 mglmL) and hemoglobin (2. 0 

mglmL) in PBS. All controls (lanes 2-6) were incubated for 3 hours. Incubation was 

terminated by cooling and addition of TLCK (1.0 mM) and EDTA (10.0 mM). 

Bacteria were removed by centrifugation and supernatants examined by SDS

PA GE. 

lane f - blank 

lane 2 - heme-starved P. intermedia cells [P.i. (-)] control 

lane 3 - heme-replete P. intermedia c~l/s [P.i. (+)] control 

lane 4 - haptoglobin control 

lane 5 - haptoglobin-hemoglobin control 

lane 6 - cysteine control 

lane 7 - P.i. (-) plus haptoglobin (0 hour) 

lane 8 - P. i. (-) plus haptoglobin-hemoglobin (0 hour) 

lane 9 - P.i. (+). plus haptoglobin (0 hour) 

lane 10- P.i. (+) with-haptoglobin-hemoglol;,in (0 hour) 

lane 11 - P.i. (-) plus haptoglobin (3 hour) 

lane 12 .- P.i. (-) plus haptoglobin-hemoglobin (3 hour) 

lane 13 - P.i. ( +) plus haptoglobin (3 hour) 

lane 14 - P. i. ( +) with haptoglobi~-hemoglobin (3 hour) · 

lane 15 - molecular weight standard: A- 200,000 Da, B. - 116,250 Da, 

C - 66,200 Da 
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Figure 4: Comparison of proteolytic activity of stored (frozen) and fresh P. 

gingivalis and Pa _intermedia cells .. 

Stored and freshly harvested cells were washed and adjusted to equal 

concentrations (±5%). Bacterial cells (108 cells/mL) were incubated with and without 

cysteine (1.57 mglmL) in PBS with azocasein (0.24 mglmL) for 3 hours at 37° C., 

Incubation was terminated by addition of TCA (8%) and acid-soluble material 

quantified spectrophotometrically (400 nm). 
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period (Figure 5). At high cell concentrations (109 cel(s/ml), there were no apparent 

differences in the activities of heme-replete and heme-starved ceUs; both 

preparations degraded greater than 95% of the haptoglobin irrespective of the 

presence of hemoglobin (Figure 5). 

To ·quantitatively determine the proteolytic activity, the number of .added 

bacteria was reduced such that at least S<?me of the haptoglobin remained intact. 

Only heme-starved cells were used in these experiments. Assays performed in 

triplicate indicated that P. gingivalis (108 cells/ml) caused significant degradation 

(p < 0.01) of haptoglobin either in the presence or absence of hemoglobin (Table 

'I 

3). Values for experiments involving haptoglobin without added hemoglobin were 

adjusted to compensate for the lower amount of total protein present. The areas 

under the_; haptoglobin peaks were expressed as percent degraded protein relative 

to the control (100%). When P. gingivalis cells were incubat~d with haptoglobin for 

3 hours, 43.0 ± 2.8% of the haptoglobin was degraded (Table 3). The haptoglobin

hemoglobin complex resisted proteolytic degradation allowing only 36.0 ± 1.2% loss 

of the haptoglobin · (Table_ 3). In the presence of._ hemoglobin, haptoglobin -

' . 

degradation was slightly but significantly reduced (p < 0.05, T~ble 3). 



Figure 5: Proteolytic activity of P. gingivalis against haptoglobin and 

haptoglobin-hemoglobin: comparison of heme-replete and heme-starved 

bacteria. 

P. gingivalis cells (1 D9 cellslmL) were incubated for O or 3 hours at 37° C with 

either haptog/obin (3. 0 n:7glmL) or haptoglobin (3. 0 mglmL) and hemoglobin (2. 0 

mglmL) in PBS. All controls (lanes 2-6) were incubated for 3 hours. Incubation was 

terminated by cooling and addition of TLCK (1.0 mM) and EDTA (10.0 mM). 

Bacteria were removed by centrifugation and supematants examined by SDS

PAGE. 

lane 1 - molecular weight standard: A - 116,250 Da, B - 66,200 Da 

lane 2 - heme-starved P. gingiva/is cells [P.g. (-)] control 

lane 3 - heme-replete P. gingivalis cells [P.g. (+)] control 

lane 4 - haptog/obin control 

lane 5 - haptog/obin-hemoglobin control 

lane 6 - cysteine control . 

Jane 7 ~ P.g. (-) plus haptoglobin (0 hour) 

lane 8 ~ P.g. (-) plus haptoglobin-hemoglobin (0 hour) 

lane 9 - P.g. (+) plus haptog/obin (0 hour) 

lane 10 - P.g. (+) with haptog/obin-hemoglobin (0 hour) 

lane 11 - P.g. (-) plus haptog/obin (3 hours) 

lane 12 - P.g. (-) plus haptog/obin-hemog/obin .(3 hours) 

lane 13 - P.g. (+) plus haptog/obin (3 hours) 

lane 14 - P.g. (+) with haptog/obin-hemog/obin (3 hours) 

lane 15 - blank 
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Table 3 

Comparison of P. gingivalis proteolytic activity against haptog/obin and 
-haptoglo.bin-hemoglobin 

Remaining Standard Statistical 
protein (% of deviation significance 

control)* 

Haptoglobin controls 100 11.23 

Haptoglobin with P.g. 26.38 1.32 a, b 

Adjusted_ haptogiobin 56.46 2.83 a, b 
with P.g. 

Haptoglobin-hemoglobin 63.98 1.22 a 
with P.g. 

* Percentage of control determined by scanning densitometry 
a. Kruskal-Wallis One Way Analysis of Variance on Ranks; significantly different 

(p < 0.01) from controls _ 
b. Student-Newman-Keuls .Method significantly different (p < 0.05) from 

haptoglobin-hemoglobin with P.g. 
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Comparison of proteolytic activities of heme-replete and· heme-starved P. 

gingiva/is directed against hemopexin: 

Freshly harvested and washed P. gingivalis cells (109 cells/ml) degraded 

both hemopexin and the hemopexin-hemin complex during the 3 hour incubation 

period (Figure 6). There ·were no apparent differences in the activities of heme

replete and heme-starved cells using high concentrations of bacteria (Figure 6). To 

quantitatively compare the proteolytic activity, the number of added bacteria was 

reduced such that at least some of the hemopexin remained intact. Assays 

performed in triplicate indicated that heme-starved P. gingivalis (108 cells/ml) 

significantly degraded hemopexin (p < 0.01) in the presence and absence of hem in 

(Table 4). The areas under the hemopexin peaks were expressed as percent 

degraded protein relative to the control (100%). Significant degradation (p < 0.01) 

of the hemopexin by the P. gingiva/is proteases followed the 3 hour incubation with 

a 92.2 ± 0.90 % loss of protein (Table 4). Hemopexin degradation was not 

significantly influenced (p < 0.05) by saturating the protein with hemin [(92.2 ± 2.1 % 

degraded),(Table 4)]. 



Figure 6: Proteolytic activity of P. gingivalis against hemopexin and 

hemopexin-hemin: com&Jarison of heme-replete and heme-starved bacteria. 

P. gingivalis cells were prepared freshly and then washed bacteria (109 

cells/mL) were incubated for O or 3 hours at 37° · C with either hemopexin 1. O 

mglmL) orhemopexin (1.0 mglmL) and hemin (0.011 mg/mL) in PBS. All controls 

(Janes 1-6) were incubated for 3 hours. Incubation was terminated by cooling and 

addition of TLCK (1.0 mM) and EDTA (10 .. 0 inM). Bacteria were removed by 

centrifugation and supernatants examined by SOS-PAGE. 

lane 1 - molecular weight standard: A - 220 KDa, B - 97.4 KDa, C - 66 KDa, 

D - 46 KDa, E - 30 KDa, F_ - 21.5 KDa, G - 14.3 KDa 

lane 2 - heme-starved P. gingiva/is cells [P.g. (-)] control 

lane 3 - heme-replete P. gingivalis cells [P.g. (+)] control 

lane 4_ - hemopexin control 

lane 5 - hemopexin-hemin control 

lane 6 - cysteine control 

'Jane 7 - P.g. (-) plus hemopexin (0 hour) 

lane 8 - P.g. (-) plus hemopexin-hemin (0 hour) 

lane 9 - P. g. ( +) plus hemopexin (0 hour) 

lane 10 - P.g. (+) with hemopexin-hemin (0 hour) 

lane 11 - P.g. (-) plus hemopexin (3 hour) 

Jane 12 - P.g. (-) plus hemopexin-hemin (3 hour) 

Jane 13 - P.g. (+) plus hemopexin (3 hour) 

lane 14 - P.g. (+) with hemopexin-hemin (3 hour) 

lane 15 - blank 
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Table 4 

Comparison of P. gingiva/is proteolytic activity against hemopexin and 
hemopexin-hemin 

Remaining Standard Statistical 
protein(% of deviation significance 

control)* 

Hemopexin controls 100 13.39 

Hemopexin with P.g. 7.78 0.90 a 

Hemopexin-hemin with 7.76 2.06 a, b 
P.g. 

* Percentage of control determined by scanning densitometry 
a. Kruskal-Wallis One Way Analysis of Variance on Ranks; significantly different 

(p < 0.01) from controls 
b. Student -Newman-Keuls Method test indicated no significant difference 

(p < 0.05) between hemopexin values and hemopexin-hemin values 
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Comparison of proteolytic activities of heme-replete and heme-starved P. 

intermedia directed against haptoglobin: 

Preliminary experiments utilizing freshly harvested and washed P. intermedia 

cells (109 cells/ml) resulted in degradation of both haptoglobin and the haptoglobin

hemoglobin complex during the 3 hour incubation period (Figure 7). There were no 

visually apparent differences in the activities of heme-replete and heme-starved 

cells (Figure 7). Assays performed and analyzed in triplicate indicated that heme

starved P. intermedia (108 cells/ml) cells significantly degraded haptoglobin (p < 

0.01) either in the presence or absence of hemoglobin (Table 5). The area under 

the control haptoglobin peaks were adjusted to a mean peak area of 100% with 

corresponding adjustments to test lanes. P. intermedia degraded 34.36 ± 7.5% of 

the apo-haptoglobin. When the protein was bound to its ligand, hemoglobin, only 

13.63 ± 3.2% of the haptoglobin was degraded (p < 0.05) but this was significantly 

less than degradation of the apo-haptoglobin (Table 5). P. intermedia significantly 

degraded the protein whether bound to its ligand or not (p < 0.01) when compared 

to the control (Table 5). 



-,Figure 7: Proteolytic activity of P. intermedia against haptoglobin and 

haptoglobin-hemoglobin: comparison of heme-replete and heme-starved 

bacteria. 

P. intermedia cells were prepared freshly and then washed bacteria (109 

cellslmL) were incubated for O or 3- hours at 37° C with either haptoglobin (3. O 

mglmL) or haptog/obin (3.0 mglmL) and hemoglobin (2.0 mglmL) in PBS. All 

controls (Janes 2-6) were incubated for 3 hours. Incubation was terminated by 

cooling and addition of TLCK (1.0 mM) and EDTA (10.0 mM). Bacteria were 

removed by centrifugation and supernatants examined by SOS-PAGE. 

Jane 1 - molecular weight standard: A - 116,250 Da, B - 66,200 Da 

lane 2 - heme-starved P. intermedia cells [P.i. (-)] control 

lane 3 - heme-replete P. intermedia cells [P.i. (+)] control 

lane 4 - haptoglobin control 

lane 5 - haptoglobin-hemoglobin control 

lane 6 - cysteine control 

lane 7 - P.i. (+) plus haptoglobin (0 hour) 

lane 8 - P.i. (+) plus haptoglobin-hemoglobin (0 hour) 

lane 9 - P.i. (-) plus haptoglobin (0 hour) 

lane 10 - P. i. (-) with haptoglobin-hemoglobin (0 hour) 

lane 11 - P.i. (-) plus haptoglobin (3 hour~) 

lane 12 - P. i. (-) plus haptog/obin-hemoglobin (3 hours) 

lane 13 - P.i. (+) plus haptog/ob[n (3 hours) 

lane 14 - P.i._ (+) with haptog/obin-hemog/obin (3 hours) 

lane 15 - blank 
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Table 5 

Comparison of P. intermedia proteolytic activity against haptoglobin 
and haptoglobin-hemoglobin 

Remaining Standard Statistical 
protein(% of deviation significance 

control)* 

Haptoglobin controls 100 4.52 

Haptoglobin with P.i. 41.55 4.79 a, b 

Adjusted haptoglobin 65.64 7.58 a, b 
with P.i. 

Haptoglobin- 86.37 3.20 a 
hemoglobin with P.i. 

* Percentage of control determined by scanning densitometry 
a. Kruskal-Wallis One Way, Analysis of Variance .on Ranks; significantly different 

(p < 0.01) from controls _· 
b. Student-Newman~Keuls Method significantly different (p < 0.05) from . 

haptoglobin-hemoglobin with P.g. 
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Comparison of proteolytic activities of heme~replete and heme-starved P. 

intermedia directed against hemopexin: 

Utilizing freshly harvested and washed P. intermedia cells, clear degradation 

of hemopexin was observed; both the ape-protein and hole-protein were 

significantly degraded [(Figure 8),(p < 0.01), (Table 6)]. The mean degradation for 

hemopexin alone was 90.4 ± 2.0 % and when bound to the ligand hemin, 

degradation was 86.6 ± 1.8 %, (Table 6), but this difference was not statistically 

significant (p < 0.05), (Table 6). 

Summary of Results: 

Both P_. gingivalis and P. intermedia significantly degraded the proteins 

whether bound to their ligands or not (p < 0.01) when compared to the control 

without bacteria. There was a slight but significant diminution in degradation of 

haptoglobin when bound to hemoglobin (p < 0.05), (Figure 9). There was no 

difference ih the degradation· of hemopexin when in the apo-hemopexin or 

hemopexin-hemin form (p < 0.05), (Figure 10). Figure 9 and 1 0 summarize all data 

obtained for P. gingivalis and P. intermedia against haptoglobin, haptoglobin-

. hemoglobin, hemopexin, and hemopexin-hemin respectively. 



Figure 8: Proteolytic activity of P. intermedia against hemopexin and 

hemopexin-hemin: comparison of heme-replete and heme-starved bacteria. 

P. intermedia cells were prepared freshly and then washed bacteria (109 

r 

cells/ml) were incubated tor O or 3 hours at 37° C with either hemopexin 1. O 

mglmL) or hemopexin (1.0 mglmL) and hemin (0.011 mglmL) in PBS. All controls 

(Janes 1-6) were incubated for 3 hours. Incubation ~as terminated by cooling and 
- . . 

addition of TLCK (1.0 mM) and ED,A (10.0 mM) .. Bacteria were removed by 

centrifugation and supernatants examined by SOS-PAGE. 

lane 1 - molecular. weight standard: A - 66 kDa, B - 46 kDa, C - 30 kDa, 

D - 21.5 kDa, E - 14.3 kDa 

lane 2· - heme-starved P. intermedia cells [P.i~ (-)] control 

lane 3 - heme-replete P. intermedia cells [P.i. (+)] control 

lane 4 - hem~pexin control 

lane 5 - hemopexin-hemin control 

lane 6 - cysteine control 

lane 7 - P.i. (+) plus hemopexin (0 hours) 

lane 8- P.i. (+) plus hemopexin-hemin (0 hours) 

lane 9 - P.i. (-) plus hemopexin (0 hours) 

lane 10 - P.i. (-) with hemopexin-hemin (0 hours) 

lane 11 - P.i. (-) plus hemopexiri (3 hours) 

Jane 12 - P.i. (-) plus hemopexin-hemin (3 hours) 

lane 13 - P.i. (+) plus hemopexin (3 hours) 

lane 14·_ P.i. (+) with hemopexin-hemin (3 hours) 

lane 15 - blank 
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Table 6 

Comparison of P. intermedia proteolytic activity against hemopexin and. 
heinopexin-hemin 

Remaining Standard Statistical 
protein (% of deviation significance 

control)* 

Hemopexin controls 100 18.60 

Hemopexin with P.i. 10.08 2.04 a, b 

Hemopexin-hemin 13.41 1.83 a 
with P.i. 

* Percentage of control determined by scanning densitometry 
a. Kruskal-Wallis One Way Analysis of Variance on Ranks; significantly different · 

(p < 0.01) from controls 
b. Student -Newman-Keuls Method test indicated no significant difference 

(p < 0.05) between- tiemopexin values and hemopexin-hemin values 



Figure 9: Summary of results of P. intermedia and P. gingivalis proteolytic 

activity against haptoglobin and haptoglo!Jin-hemoglobina 

* - Statistica/iy significant difference from control (p < 0.01,Kruskal-Wallis One Way 

Analysis of Variance on Ranks) 

A - Significant difference between apo and holo-haptoglobin in the presence of P. 

intermedia (p < 0. 05, Student-Newman-Kf!uls Method) 

B -Significant difference between apo and holo-haptoglobin in the presence of P. 

gingival1s (p < 0. 05, Student-Newman-Keuls Method) 
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Figure 10: Summary of results of P. intermedia and P. gingiva/is protease 

activity against hemopexin and hemopexin-hemin. 

* - Statistica/iy significant difference from control (p < 0.01,Kruskal-Wallis One Way 

Analysis of Variance on Ranks) 
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_ DISCUSSION 

The study of periodontal disease has led to the development of two opposing 

theories on the role of bacterial plaque in the development of the disease. The 

specific plaque hypothesis states that "only certain plaque is pathogenic and its 

pathogenicity depends on the presence of or increase in specific microorganisms" 

(Loesche, 1976; Socransky, 1979; Slots and Genco, 1984; Saglie et al., 1988). The 

non-specific plaque hypothesis (Loesche, 1976; Theilade, 1986) advocates that 

periodontal disease results from the "elaboration of noxious products by the entire 

plaque flora". Neither hypothesis has been unequivocally accepted but clearly a 

combination of bacterial and host factors ·initiate and propagate the disease 

process. Although their precise role in the etiology of periodontal .disease has not 

been defined, the heme-requiring anaerobes P. gingivalis and P. intermedia 
\ 

constitute numerically prominent components of the periodontal microbiota. A 

feature distinguishing P. gingivalis and P. intermedia from the other anaerobic 

bacteria within the periodontal pocket is their extreme proteolytic activity (Slots and 

Listgarten, 1988). The proteolytic activity of P. gingiva/is has been extensively 

studied from the point of view of tissue damage and immune system evasion, but 

minimal emphasis has been placed on nutrient acquisition. There is 
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, comparatively little information on the proteolytic activity of P. intermedia. This 

study focused on the proteolytic activities of P. gingivalis and P. intermedia with 

respect to their capabilities to release heme from the heme-sequestering proteins 

of plasma and gingival cJevicular fluid. 

It would seem reasonable that bacteria requiring heme as a factor for growth 

would acquire heme preferentially from the most available source (ie. the host). 

There ar~ two possible mechanisms by which heme-requiring bacteria could acquire 

this factor for growth in the presence of the serum heme-sequestering proteins 

hemopexin, albumin, and haptoglobin. The bacteria could either express a specific 

heme-binding site with greater affinity than that.of the serum proteins or alternatively 

they could inactivate the proteins such that they are no longer able to withhold 

heme. Tompkins et al., (in press, 1997) found that both P. gingivalis and P. 

intermedia express specific heme-binding sites of affinity intermediate between 

those of serum albumin and hemopexin. In other word, BPBs are unable to bind 

heme in the presence of hemopexin. Therefore, these bacteria must possess some 

auxiliary mechanism with which to acqufre heme in the presence of hemopexin. 

As the BPBs are notoriously proteolytic, protein d_egradation would seem a 

probable means of releasing the complexed heme from the serum proteins. If 

proteolysis is a necessity for heme acquisition then a more intensive proteolytic 

activity toward these heme-sequestering proteins should be expressed by heme

starved bacteria. The· present study, examining both P.- gingivaJis· and P. 



51 

intermedia, found n~ apparent difference in proteolytic activity between heme

starved and heme-replete bacteria against either hemopexin or haptoglobin (with 

or without their respective ligands). This finding conflicts with the previous study 

of Marsh et al., (1988) who found that P. gingivalis grown under heme excess 

'-coriditions expressed greater proteolytic activity than did heme-starved bacteria, 

which may underlie the greater virulence of heme-replete P. gingivalis (McKee et 

al., 1986). However, according to this premise, the heme-replete bacteria should 

non-specifically degrade the heme-sequeste.rir:,g proteins to a greater extent than 

the heme-starved.cells. This was clearly not th~ case in.the present study (heme

replete and h~me-st~rved cells were equally active against both hemopexin and 

haptoglobin) implying that heme-starved cells express additional proteolytic activity 

directed toward haptoglobin and hemopexin. Consequently heme-starved bacterial 

cells were utilized for subsequent experiments. 

Reasoning that proteolytic activity directed toward the acquisition of heme 

should preferentially degrade the heme-associated proteins, the study then 

compared the susceptibility of ligand-complexed and unco~plexed hemopexin to 

bacterial proteolysis. However, the results indicated that the ape- and halo-forms 

of hemopexin were equally susceptible to proteolysis (by either P. gingivalis or P. 

intermedia), which on initial consideration appears to refute this contention. On the· 

other hand, as ligand-complexed iron-sequestering· proteins in general, and heme

sequesteri~g proteins in particular, are more resistant to proteolysis than are the 
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uncomplexed forms (Smith, 1990; Morgan et al., 1988), non-specific proteolysis 

should have preferentially degraded the apo-hemopexin. Thus, since the apo-

-hemopexin is intrinsically more susceptible to non-specific proteolysis, this result 

could be interpreted to indicate the expression of proteolytic activity directed toward 

the hemopexin-heme complex. 

With respect to haptoglobin sensitivity to BPB proteolytic activity, the issue 

may be moot because the haptoglobin-hemoglobin complex blocks specific heme

binding by both P. gingivalis and P. intermedia (in the presence of protease 

inhibitors) indicating that both species can acquire heme initially from the protein 

complex (Tompkins et al., in press, 1997). Thus there is no need for the bacteria 

to inactivate the haptoglobin. Nevertheless, the current investigation indicated that 

~oth the apo- and halo-forms of haptoglobin were of similar sensitivity to the BPB 

proteolytic activities and the reasoning that the complexed form may be targeted by 

the bacterial proteases (as discussed above for hemopexin) may equally apply. 

Note that the apo-form was statistically more sensitive to proteolysis but this 

difference was minimal and may be biologically irrelevant. 

The studies of both Carlsson et al. (1984) and Jansen et al. (1994) suggest 

that hemopexin is preferentially degraded by P. gingivalis when incubated in human 

serum. This conflicts with the current study which demonstrated that hemopexin 

and haptoglobin are similarly sensitive to bacterial degradation. Two possible 

explanations can be proposed for this anomaly. Firstly, the inability of P. 
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intermedia to degrade either haptoglobin or hemopexin in previous studies 

(Carlsson et al., 1984; Jansen et al., 1994) could lie in the fact that the human serum 

was obtained from healthy individuals who presumably also exhibited relative 

periodontal health. As P. intermedia is found in such individuals whereas P. 

gingivalis is not, it is conceivable that the test serum contained antibody to the P. 

intermedia proteases, but not to the P. gingiva/is enzymes. This could have the 

c_ 

effect of reducing the activity of the P. intermedia proteases under the described 

assay conditions. However, the current investigation found that the proteolytic 

activity of P. gingivalis was similar against both hemopexin and haptoglobin, 

whereas previous studies (Carlsson et al., 1984; Jansen et al., 1994) found little 

activity against haptoglobin. The "antibody theory" would predict that when 

incubated in serum, P. gingivalis would degrade both haptoglobin and hemopexin 

to a similar extent but this was not the situation. Secondly, th~ discrepancy could 

be due to the presence of hemoglobin in the serum used in previous studies 

(Carlsson et al., 1984; Jansen et al., 1994). No measurement of the amount of 

hemoglobin in the serum was performed in either study but hemoglobin, inevitably 

released during processing of the serum, would be available to complex with 

haptoglobin potentially enhancing its resistance to proteolysis. However, the 

present study found only minimal protection of haptoglobin provided by hemoglobin 

and therefore the "hemoglobin theory" does not adequately account for the 

discrepancy either. 
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It is extremely unlikely that degradation products of the serum proteins 

resulting· from bacterial proteolysis retained heme-sequestering capacity because 

no peptides greater than 10 kDa were detected by electrophoresis. Peptides of less 

than 10 kDa are unlikely to retain specific heme-binding capability. In conjunction 

with the findings of a previous study, (Tompkins et al., in press, 1997) a feasible 

mechanism for the acquisition of heme by BPBs would involve the selective 

degradation of heme-sequestering proteins and binding of the released heme by 

specific sites expressed on the surface of the bacteria. 

In conclusion, the results of this study suggest that, under heme-deprived 

conditions, both P. gingivalis and P. intermedia express proteolytic activity that may 

be preferentially directed toward the heme-complexed forms of hemopexin and 

haptoglobin. These findings further emphasize the importance of proteolytic activity 

to the virulence of BPB. Under physiologic conditions diminution in this specific 

proteolytic activity could well decrease the numbers of heme-requiring 

periodontopathic organisms by interfering with their acquisition of heme. This 

decrease in bacteria could slow or halt the initiation and/or progression of the active 

periodontal disease process. Thus, there would be merit in directing therapeutic or 

preventative strategies toward inhibition of proteolytic activity of heme-requiring 

periodontal anaerobes. 



SUMMARY 

The primary objectives of this study were: 1) To determine whether P. 

gingivalis and P. intermedia possess proteolytic.enzymes that promote degradation 

of either hemopexin or haptoglobin; 2) To determine whether apo-forms of the 

mammalian heme-sequestering proteins (hemopexin and haptoglobin) are more or 

less susceptible to bacterial proteolysis than are the halo-forms. 

ATCC strai~s of P. gingivalis and P. intermedia were anaerobically grown in 

trypticase soy broth to early stationary phase and ha'rvested by three cycles of 

centrifugation-resuspension in cold PBS at 6000 g for 20 minutes and 4°C. Cells 

were freshly prepared for each assay following the discovery that freezing the cells 

resulted in diminution of protease activity. 

Haptoglobin was obtained commercially and hemopexin was purified from 

fresh frozen plasma by.affinity chromatography, ion-exchange chromatography, and 

gel filtration. Purity of the extracted hemopexin was determined by SDS

PAGE/Electroblot/ELISA to be 93.6%. 

Incubations for 3 hours at 37°C allowed the bacteria opportunity to degrade 

either haptoglobin or hemopexin alone and when saturated with their ligands. 

Degradation of the proteins was determined by SOS-PAGE and quantitated by 
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scanning densitometry. Results were analyzed by the Kruskal-Wallis One Way 

Analysis of Variance on Ranks and multiple pairwise comparisons by the Student

Newman-Keuls Method. 

P. gingivalis 

P. gingivalis (108 cells/ml) produced protease activity that significantly 

degraded the ape-protein haptoglobin (43.0 ± 2.8% degraded, p < 0.01 Kruskal

Wallis One Way Analysis of Variance on Ranks) when compared to controls. When 

haptoglobin was bound to its ligand hemoglobin, degradation (36.0 ± 1.2%, p < 

0.01 Kruskal-Wallis One Way Analysis of Variance on Ranks) was slightly but 

' significantly inhibited (p < 0.05, Student-Newman-Keuls Method). 

P. gingiva/is proteases significqntly degraded the apo-hemopexin (92.2 ± 

0.90 % degraded, p < 0.01 Kruskal-Wallis One Way Analysis of Variance on Ranks) 

at the 3 hour incubation. When hemin was added to saturation of the hetnopexin, 

degradation also was significant compared to controls (92.2 ± 2.1% degraded, p < 

0.01 Kruskal-Wallis One Way Analysis of Variance on Ranks). Hemopexin 

degradation was not significantly influenced (p < 0.05, Student-Newman-Keuls 

Method) by saturating the protein with hemin. 
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P. intermedia 

P. intermedia produced protease activity that significantly degraded apo

haptoglobin (34.36 ± 7.5% degraded, p < 0.01 Kruskal-Wallis One Way Analysis of 

Variance on Ranks) when compared to controls. When haptoglobin was bound to 

its ligand hemoglobin, degradation (13.63 ± 3.2%, p < 0.01 Kruskal-Wallis One 

Way Analysis of Variance on Ranks) was slightly but significantly inhibited (p < 

0. 05, Student-Newman-Keuls Method). 

P. intermedia proteases significantly degraded the ape-protein hemopexin 

(90.4 ± 2.0 % degraded, p < 0.01 Kruskal-Wallis One Way Analysis of Variance on 

R~nks) at the 3 hour incubation. When hemin was added to saturation of the 

hemopexin, degradation was significant compared to controls (86.6 ± 1.8 % 

degraded, p < 0.01 Kruskal-Wallis One Way Analysis of Variance on Ranks). 

Hemopexin degradation was not significantly influenced (p < 0.05, Student

Newman-Keuls Method) by saturating the protein with hemin. 

Conclusions: 

The principle findings of the current investigation suggest that, under heme

deprived conditions, both P. gingivalis and P. intermedia express proteolytic activity 

· against both hemopexin and haptoglobin and that the proteolysis may be 

preferentially directed toward the heme-complexed forms of both hemopexin and 

haptoglobin. 
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Appendix A 

Hemopexin purification. buffers: 

Buffer A 

Buffer B 

Electrode buffer: 

0.5 M NaCl, 20 mM sodium phosphate, pH 7.5 

0.1 M NaCl, 20 mM sodium acetate, pH 5.2 

(0.025 M Tris base, 0.192 M Glycine, 0.1 % SOS, pH 8.3) 

Electro blotting/ELISA buffers: 

Transfer buffer (Bjerram & Schafer-Neilson) 48 mM Tris base, 39 mM 
glycine, 1.3 mM SOS, and 20% methanol, pH 9.0-9.4 

Tris buffered saline (TBS) 20 mM Tris, 500 mM' NaCl, pH 7 .5 

Wash solution (TTBS) 

Blocking solution 

Antibody Buffer 

First antibody solution 

Second antibody 

20 mM Tris, 500 mM NaCl,. 0.05% Tween-20, pH 7.5 

(3% gelatin - TBS) 
Add 3.0 g Of gelatin to 100 ml of TBS and heat to 50 
°C, with stir~ing, until dissolved. 

(1 % gelatin - TTBS) 
Add 2.0 g of gelatin to 200 ml of TTBS and heat, with 
stirring to 50° C until dissolved. 

Dissolve the first antibody to the appropriate · titer in 
100 ml of antibody buffer. 

Prepare the second antibody solution by dissolving 
33 µl of the antibody conjugate solution conjugate in 
100 ml of antibody buffer 

Color development buffer 0.31 g alkaline phosphatase development buffer 
dissolved in 25 ml TC water. 

65. 




