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ABSTRACI

Hyaluronic acid (HA) is a macromolecular component of the extracellular matrix (ECM)that is
prominent whenever rapid tissue proliferation, regeneration and repair occur. Degradation of HA
occurs during wound healing, embryogenesis and carcinogenesis and is accomplished by
hyaluronidase (HA'ase). A portion of the HA in the ECM enters the lymphatics and circulation.
The majority of this HA is degraded in the lymph nodes, however, some HA passes undegraded
through the lymphatics and enters the circulation. This HA is degraded in the liver. The cellular
source of HA'ase is unclear. This is in part due to the difficulty in studying these enzymes. They
are unstable, and existing assays are tedious and not sensitive enough for detection of low levels of
activity. Mammalian HA'ase has therefore not been previously purified. Purification and
characterization of HA'ase is the subject of this thesis. To accomplish this we have developed a
new and sensitive assay for HA'ase that is several logs more sensitive that all preceding assays.
Using this assay, HA'ase from porcine liver has been purified and characterized. This molecule
was used to produce polyclonal antiserum against HA'ase and the antiserum utilized to determine
the cellular source of HA'ase in the porcine liver. The protein has been cloned and expressed as an
active enzyme in a recombinant system. The techniques developed and results obtained in this
thesis shed additional light on the metabolism of HA.
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CHAPTER 1

NERAL INTR TION

1.1 Hypothesis

Hyaluronic acid (HA) is a macromolecular component of the extracellular matrix (ECM) that

is prominent whenever rapid tissue proliferation, regeneration and repair occur. This high

molecular weight nonsulfated glycosaminoglycan (GAG) is composed of alternating units of

giucuronic acid and N-acetyl-glucosamine. It plays a crucial role in the structure and

organization of the extracellular matrix. HA promotes the detachment process that allows

cells to migrate (Turley and Torrance, 1984). This polymer takes on a large volume of water

of hydration that opens up tissue spaces, facilitating cell migration. Bursts in HA deposition

are correlated with mitotic division (Toole et al., 1972; Tomida et al., 1974; Mian 1986;

Brecht et al., 1986). Elevated levels of HA enhance cell detachment and migration in

proliferating tissues (Barnhart et al., 1979). Its synthesis decreases with cell differentiation

(Toole, 1982; Lamberg et al., 1986). In addition, the prolonged presence of HA inhibits cell

differentiation (Kujawa and Tepperman, 1983; Kujawa et al., 1986), thus contributing to an

environment that promotes cell proliferation.

HA is present in high concentrations during the early stages of embryogenesis and

wound healing (Toole, 1982, 1991). Degradation of HA occurs during tissue maturation

and is accomplished primarily by hyaluronidase (HA'ase). In the adult, a portion of the HA

in the ECM enters the lymphatics and the circulation. The majority of HA is degraded in the

lymph nodes; however, some HA passes undegraded through the lymphatics and enters the

blood stream. Circulating HA is degraded in the liver and to a lesser extent, the kidneys

(Engstrom-Laurent & Hellstrom, 1990). HA'ase and the degradation products of the reaction
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modulate such important biological processes as wound healing (Bertolami and Donoff,

1978, 1982; Thet et al., 1983), angiogenesis (West et al., 1985) and embryogenesis

(Polansky et al., 1974; Toole, 1982; Belsky and Toole, 1983; Kulyk and Kosher, 1987). The

cellular source of HA'ase in these tissues is unclear. This is in part due to the difficulty in

studying these enzymes. They are unstable, and existing assays are tedious and not

sensitive enough for detection of low levels of activity. Mammalian HA'ase has therefore

not been previously purified.

The fundamental hypothesis of this thesis is that it is the sinusoidal endothelial cells

of the liver that are the site of HA'ase synthesis and are thus responsible for modulating HA

degradation in this organ. Despite the obvious importance of HA in critical biologic

processes, little is known about its catabolism.

Purification and characterization of HA'ase is the subject of this thesis. This will

enhance our understanding of the metabolism of HA and shed additional light on the role

of this molecule in wound healing, embryogenesis and tumorigenesis. To accomplish this

goal, I have developed a new and sensitive assay for HA'ase activity that is several logs

more sensitive than all preceding assays. Using this assay, I have purified HA'ase from

porcine liver. This molecule was used to produce polyclonal antiserum against HA'ase and

the antiserum utilized to determine the cellular source of HA'ase in porcine liver. Finally,

this protein has been cloned and can be expressed as an active enzyme in a recombinant

baculovirus System.



A. SPECIFIC AIMS

5.

Develop a rapid and sensitive assay for HA'ase.

Purify HA'ase from serum and liver.

Characterize this enzyme, including molecular size, kinetics and pH optimum.

Prepare polyclonal antibodies. The antibodies will be used to perform

immunolocalization studies of HA'ase to identify the cell source of the enzyme.

The effects of these antibodies on enzyme activity will also be examined. The

antiserum will also be used for screening during molecular cloning.

Obtain N-terminal and internal amino acid sequences and examine homology with

other proteins.

6.

7.

8.

Clone the HA'ase cDNA and express this protein in a recombinant system.

Explore the role of physiologic enzyme inhibitors.

Investigate the clinical role of HA'ase and HA metabolism in Wilms' Tumor and

fetal cleft lip repair.



CHAPTER 2

ASSAYS FOR HYALURONIDASE

2.1 ELISA-like assay

2.2 Zymography

2.3 Reissig Assay

Degradation of HA plays an important role in maintaining the integrity of the

extracellular matrix. HA'ases are endoglycosidases that can hydrolyze the N

acetylglucosaminic bonds in HA. HA'ase and the degradation products of the reaction

modulate such important biological processes as wound healing (Bertolami and Donoff,

1978, 1982; Thet et al., 1983), angiogenesis (West et al., 1985) and embryogenesis (Toole

and Gross, 1971; Polansky et al., 1973; Belsky and Toole, 1983; Kulyk and Kosher, 1987).

Several assays have been established for the HA'ase group of enzymes. The

original assays relied on the reduction of viscosity and turbidity of solutions containing HA

(Dorfman, 1948; Dorfman and Ott, 1948) and activity was expressed in viscosity and

turbidity reduction units. Currently, HA'ase activity is expressed in National Formulary

Units (NFU). The original techniques were useful in establishing sources rich in HA'ases,

but were relatively cumbersome and insensitive. The HA-impregnated agarose plate assay

(Richman and Baer, 1980) is simple, requires only small sample volumes and is suitable for

assaying multiple samples simultaneously. However, this technique is not as sensitive as

other assays and has therefore not been widely used. More sensitive techniques include a

dye-binding assay (Benchetrit et al., 1977) and a recent assay that uses fluorogenic HA as

substrate (Nakamura et al., 1990). A zymogram electrophoretic technique using HA

impregnated polyacrylamide (Fiszer-Szafarz, 1984; Gutenhoner, et al., 1992) has the



advantage of separating HA'ase isoforms, and HA'ase from its inhibitors, but it is tedious

and only semiquantitative. The Reissig assay (Reissig et al., 1955) with a sensitivity of

approximately 15 NFU (Linker, 1974), has been the most widely employed HA'ase assay. It

is based upon generation of a new reducing N-acetylglucosamine terminus with each

cleavage reaction. Because this assay measures both terminal reducing N

acetylglucosamine and free N-acetylglucosamine, it is sensitive not only to the HA'ases, but

also to the combined activities of 3-D-glucuronidase and N-acetyl-3-D-hexosaminidase. B

D-glucuronidase attacks the nonreducing terminal glucuronic acid on the HA molecule. N

acetyl-3-D-hexosaminidase may then cleave off the nonreducing terminal N

acetylglucosamine resulting from the action of 3-D-glucuronidase. This reaction produces

free N-acetylglucosamine that may be detected by the Reissig assay. Both exoglycosidases

are likely to be present in crude biological preparations, and the use of the Reissig assay

may therefore give artifactually high levels of HA'ase due to this activity. 3-glucuronidase

may be specifically inhibited by including saccharolactone in the reaction mixture (Levvy &

Marsh, 1959; Levvy & Conchie, 1966) and substitution of formate for acetate in the buffer

results in its partial inhibition (Polansky et al., 1973).

A recent and sensitive HA'ase ELISA based on a brain-derived HA-binding protein

and antibodies against that molecule has been described (Delpech et al., 1987). Despite its

sensitivity, rapidity, and convenience, this ELISA has not been widely used, presumably due

to the need for production and purification of both hyaluronectin and anti-hyaluronectin

antibodies.

Studies of HA'ase described in this thesis were performed using two newly devised

assays for these enzymes as well as the established Reissig assay. Each technique has its

inherent advantages and disadvantages. The ELISA-like assay (Chapter 2.1) is extremely



sensitive, rapid and convenient for handling multiple samples, and is therefore used during

enzyme purification. This technique is a thousand times more sensitive than the widely

used Reissig assay. The ELISA was the primary assay used for experiments described in this

thesis. The zymographic assay (Chapter 2.2) was also utilized to confirm activity, identify

HA'ase isoforms, and to separate the enzyme from its inhibitors. The ELISA-like assay is a

solid phase procedure and substrate concentrations are difficult to establish. Therefore,

kinetic studies of HA'ase were performed using the Reissig assay.

|
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2.1 ELISA-LIKE ASSAY FOR HYALURONIDASE AND HYALURONIDASE INHIBIT

We report here a novel ELISA-like assay for HA'ase that is based on a cartilage

derived, biotinylated HA-binding protein (HABP) and commercially available reagents. The

assay can detect 1x10" NFU of HA'ase and is rapid and simple. Multiple samples can be

assayed simultaneously using small sample volumes. In addition, it can be modified easily

to serve as an assay for HA'ase inhibitors. This latter group of substances, though of

obvious importance in biological regulation, has not been well defined, presumably

because of the lack of a sensitive, reproducible and rapid assay.

MATERIALS AND METHODS

Production of HA-binding protein

The high affinity HABP was prepared according to Tengblad (1979), with some

modifications, and then biotinylated (Bayer et al., 1979). HA was coupled to AH-Sepharose

(Pharmacia, Piscataway, NJ) as described (Tengblad, 1979). Approximately 150 g of bovine

nasal cartilage (Pel Freeze, Rogers, AR) was stripped of perichondrium, diced, homogenized

in 1 liter of ice cold 4 M guanidine hydrochloride, 0.5 M sodium acetate, pH 5.8, and then

extracted for 24 h. This and all other steps in the HABP preparation were carried out at 4°C,

except where indicated. The extract was passed over a Buchner funnel, without filter

paper, to remove the largest cartilage fragments. The filtrate was centrifuged at 6000xg for

30 min and the supernatant collected and dialyzed exhaustively against distilled water using

Spectrapor-1 membranes (Spectrum, Los Angeles, CA). A final dialysis was performed

against 0.8 mAM Tris HCl, 0.8 mM NaCl, pH 8.0. The dialyzed extract was lyophilized and
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stored at -20°C.

An aliquot (0.9 g) of lyophilized cartilage extract was rehydrated in 50 cc of buffer

containing 0.1 M Sodium acetate, 0.1 M Tris-HCl, pH 7.3. Tryptic peptides were generated

by incubating with 2.0 mg of trypsin (type Ill; Sigma, St Louis, MO), at 37°C. After 2 h, 1.2

mg of soybean trypsin inhibitor (Worthington Chem. Co., Freehold, NJ) was added. This

was then placed in dissociative conditions by bringing the extract to a concentration of 4 M

guanidine-HCl. This produces a disaggregation of the HABP from HA. After 1 h, 70 ml of

HA-Sepharose was added and the mixture dialyzed against water in order to "capture" the

HA-binding region of the proteoglycan core protein with the HA-Sepharose. To facilitate

optimal association of the proteoglycan core protein with the HA-Sepharose, dialysis bags

were inverted every 4–6 hours to redistribute the settled gel. After exhaustive dialysis, a 70

ml bed volume column was prepared with the HA-Sepharose beads. To remove non

specifically adsorbed material, 300 ml each of 0.5 M sodium acetate with 1 M and 3 M

NaCl, pH 5.8, were passed over the column at a flow rate of 26 ml/hr. The HABP was then

eluted from the column with 4 M guanidine-HCl, in 0.5 M sodium acetate, pH 5.8.

Fractions of 5 ml were collected, and absorbance at 280 nm was recorded. Fractions

containing the protein peak were pooled, concentrated in Centricon 10 tubes (Amicon,

Beverly, MA) to a final concentration of 1 mg/ml and dialyzed against 0.1 M sodium

bicarbonate, pH 8.5. A total of 25 mg of protein was obtained. This HABP was then

biotinylated with biotinyl N-hydroxysuccinimide ester according to the manufacturer's

instructions (Vector Laboratories, Burlingame, CA), mixed with an equal volume of glycerol

and stored at -20°C.
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Assay for HA'ase activity

The 96-well microtiter plates (Corning, Corning, NY) were coated with HA obtained

from three commercial sources (Sigma, St. Louis, MO, ICN Biochemical, Costa Mesa, CA;

Pharmacia, Piscataway, NJ). This was performed to compare the ability of HA from three

different sources to be used as substrates for this assay. The HA was dissolved in water at a

concentration of 0.4 mg/ml. This was then diluted in an equal volume of 0.2 M carbonate

buffer, pH 9.2. One hundred ul aliquots of the diluted HA were applied to each well and

the plate and incubated for 16 hours at 4°C.

To establish the ideal concentration of HA for adsorption to the microtiter plates,

solutions ranging from 0.1 - 0.6 mg/ml HA in water were diluted in an equal volume of 0.2

M sodium carbonate buffer, pH 9.2. One hundred pul aliquots of the diluted HA were

applied to each well. The plates were then incubated for 16 hours at 4°C and adsorbed HA

detected as described below.

All incubations were followed by three rinses in PBS containing 0.05% Tween 20

(Fisher Scientific, Fair Lawn, NJ). The wells were exposed to the wash buffer for

approximately 15 s. All assays were performed in triplicate. Values represent the mean of

triplicate wells; bars indicate the standard deviation.

To establish concentration-dependence for the assay, the HA-coated wells were

incubated with 100 pul aliquots for 5 h at 37°C with serial dilutions of Streptomyces HA'ase

(Calbiochem, San Diego, CA) in 0.1 M sodium acetate, 0.15 M NaCl, 0.2 mg/ml BSA, pH

5.0. To establish time-dependence, wells were incubated at 37°C with 100 pul aliquots of

1x10° NFU HA'ase for periods between 1 and 20 h.

Following the HA'ase incubation, non-specific binding by subsequent reagents was

blocked by incubating with 300 ul/well of ELISA blocking reagent (Boehringer Mannheim



Biochemical, Indianapolis, IN) for 30 min at 37°C.

The HA remaining after digestion was detected using the biotinylated HABP. To

establish the ideal concentration of the HABP to detect adsorbed HA, the protein was

serially diluted in a buffer of 25 mM sodium phosphate, 1.5 M NaCl, 0.3 M guanidine-HCl,

0.08% bovine serum albumin, and 0.02% sodium azide, pH 7.0. One hundred pul of the

diluted HABP was then applied to each well and the plate was incubated for 1 h at 37°C.

Next, to amplify the signal of biotinylation, wells were incubated with anti-keratan sulfate

monoclonal antibody (ICN Biochemical, Costa Mesa, CA)(1:1000 in PBS) for 30 min at

room temperature. This was followed by incubating with biotinylated anti-mouse Ig

(Vector, Burlingame, CA)(1:200 in PBS) for 30 min at room temperature. The biotinylated

complex was detected with the avidin-biotin-peroxidase complex coupled to a reaction

using Q-phenylenediamine as a substrate as described by the manufacturer (Vector,

Burlingame, CA). Absorbance was read at 492 nm.

Streptomyces HA'ase was diluted in 0.1 M sodium acetate, 0.15 M NaCl, 0.2 mg/ml

BSA. Liver HA'ase was prepared as described (See chapter 4 and, Stern & Stern, 1990) and

diluted in 0.1 M sodium formate, 0.15 M NaCl, 0.2 mg/ml BSA. To determine pH activity

profiles, the pH of each enzyme was adjusted with acetic and formic acids, respectively.

Protein concentrations were assayed using the BioFad protein dye kit with BSA used as a

standard.

Assay for HA'ase Inhibitors in Fetal Calf Serum

The HA'ase assay was easily modified to serve as an assay for HA'ase inhibitors.

Serial dilutions of fetal calf serum (FCS), which is a potent source of inhibitor, were made in

PBS. 1x10° U/ml of Streptomyces or partially purified liver HA'ase was then mixed with an

º

º
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equal volume of the serially diluted FCS or PBS. These mixtures of enzyme and inhibitor

were incubated for 1 hour at 37°C prior to application to the microtiter plate. During this

incubation, inhibition of the enzyme by molecules with the FCS occurred. One hundred

pul aliquots of these mixtures were then applied to HA coated wells and assayed for HA'ase

activity as described previously. The percent inhibition was calculated as %l = 1 -[(Amas -

Aample) / (Ams. - Amº)], where Ams, is the absorbance of wells not exposed to HA'ase, Amin is .

the absorbance of wells exposed to HA'ase plus an equal volume of PBS (no inhibitor), and

Aample is the absorbance of wells exposed to HA'ase plus an equal volume of sample

containing inhibitor. Percent inhibition is thus determined from differences between the

absence of HA degradation, HA degradation produced by a known enzymatic activity, and

the degradation produced by a known enzyme activity exposed to enzyme inhibitors.

RESULTS

An schematic representation of the ELISA-like assay is presented in Figure 1. The

proteoglycan core protein of cartilage from which the HABP is derived functions like an

antibody to HA. The binding protein also contains keratan sulfate glycosaminoglycan

chains covalently attached to the core protein. We take advantage of this and amplify the

signal of biotinylation on the HABP by exposing the HA-binding protein to a monoclonal

anti-keratan sulfate antibody and a secondary biotinylated antibody (fig 1). Inclusion of the

anti-keratan sulfate antibody and biotinylated secondary antibody approximately doubled

the sensitivity of the assay.

The HA preparations from Sigma, ICE and Pharmacia were examined for use in this

assay. Solutions of 0.4 mg/ml were diluted 1:2 in 0.2 M sodium carbonate buffer, pH 9.2

and incubated in the microtiter plate for 16 h at 4°C. The assay was run without exposure

-
-
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to HA'ase. HA from Sigma gave the highest level of responsiveness and was therefore used

as the substrate for all subsequent experiments.

To determine the optimal concentration of HA needed to coat the microtiter plates,

solutions of Sigma HA were prepared ranging from 100-600 pig■ ml in water and diluted 1:2

in sodium carbonate buffer to a final concentration between 50-300 pug■ ml. The optimal

concentration of HA for coating was 200 pig■ ml after dilution in carbonate buffer (fig 2),

therefore this concentration was used to coat the wells in all subsequent experiments.

The ideal concentration of the biotinylated HABP was determined º using serial

dilutions of this reagent. Again, the assay was performed without exposure to HA'ase as to

determine the maximal absorbance. Maximal absorbance occurred when the HABP was

diluted to a protein concentration of 5 Aug/ml (fig 3). This concentration of the HABP was

therefore used in all subsequent experiments.

Enzyme assays must be both time- and dose-dependent to be valid. Such

dependency is seen in Figures 4 and 5. HA degradation plateaus between 5 and 6 hours.

The degradation is linear between 10° and 10°NFU/ml HA'ase.

By modifying the HA'ase assay to serve as a measure of HA'ase inhibitors, we were

able to detect potent HA'ase inhibitors in fetal calf serum. Both Streptomyces and liver

HA'ases were inhibited by fetal calf serum in a dose dependent fashion (Fig 6).

Approximately 50% and 70% inhibition was obtained by adding an equal volume of a 1:10

dilution of FCS to 1x10° U/ml of Streptomyces and liver HA'ase respectively.

DISCUSSION

Described herein is a rapid and convenient ELISA-like assay for the detection of

HA'ase and, with minor modifications, HA'ase inhibitors. Multiple samples can be

12



analyzed in less than 9 hours. Since each well of the microtiter plate is incubated with 100

ul of Sample, the total sample volume, tested in triplicate, requires no more than 300 al.

The low Sample volume and ability to assay multiple fractions make this assay particularly

suitable for protein purification and for determination of activity in small biological samples.

The assay can detect as little as 1x10° NFU of activity; this sensitivity is greater than that of

any assay previously reported, with the exception of the assay described by Delpech, 1987.

The advantage of the assay reported here is that all reagents are commercially available or

can be conveniently prepared. The HABP is easily purified and is a highly stable reagent.

When stored at -20°C the binding protein retains its full activity for at least 2.5 years. A

second advantage of this assay is that it can be modified to serve as an assay for HA'ase

inhibitors. Serum contains HA'ase inhibitors and may play a role in tumor progression

(Fiszer-Szafarz, 1968). However, these inhibitors have not been isolated or characterized,

primarily because a rapid and convenient assay has heretofore been lacking.

Since this assay uses substrate that is in solid phase, accurate determination of the

concentration of HA adsorption to the plate cannot be made. This presents difficulties in

establishing enzyme kinetics. In addition, cleavage of the HA polymer by HA'ase produces

"nicks" in the polymer that may not necessarily result in displacement from the microtiter

plate. HA is a negatively charged, hydrophilic molecule. It therefore should not readily

adsorb to the negatively charged, hydrophobic polystyrene

microtiter plate. It is possible that adsorption is primarily via HA-associated proteins

(hyaladherens)(Toole, 1990). This suggests that internal cleavage of the polymer may

produce oligosaccharide chains that are protein-free and therefore released from the plate.

Regardless of the actual mechanism of HA displacement from the plate following exposure

to HA'ase, the ELISA-like assay is both time- and dose-dependent and is an accurate

º
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measure of HA'ase activity.

Regulation of HA metabolism in developing tissues, healing wounds, and the stroma

of malignant tumors plays a critical role in these cellular processes. It is likely that

regulation involves a balance between factors that stimulate HA synthesis (Decker, et al.,

1989) and factors that regulate its degradation. This degradation may in turn involve a

balance between HA'ase and HA'ase inhibitors. Based on the information derived from the

turnover of other extracellular matrix molecules, it is likely that there exist several classes of

physiologically relevant HA'ase inhibitors. The ELISA-like assay described here will

facilitate the purification and characterization of these important molecules.

f

-
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FIGURE LEGENDS

Figure 1.

Schematic diagram of hyaluronidase ELISA. Hyaluronic acid (HA) after HA'ase

digestion was detected with the biotinylated HA-binding protein (HABP). The biotin signal

was amplified by incubating with monoclonal antibody against keratan sulfate (CKS) and a

secondary, biotinylated antibody. Bound complex was detected with the avidin-biotin

peroxidase technique.

Figure 2.

Effect of hyaluronate concentration on responsiveness of the assay. Various

concentrations of Sigma HA were diluted in water. These solutions were then diluted (1:2)

in carbonate buffer and adsorbed to wells as described in Materials and Methods. [HA]

values represent the hyaluronate concentration after dilution in carbonate buffer. In this

and subsequent figures, values are means of triplicate wells; bars indicate standard

deviation.

Figure 3.

Effect of hyaluronate-binding protein concentration on the detection of adsorbed

hyaluronate. To determine the minimal effective concentration of hyaluronate-binding

protein needed for this ELISA, hyaluronate-binding protein was diluted in its buffer and used

to detect adsorbed hyaluronate as described in Materials and Methods.

Figure 4.

Time-dependency of Streptomyces hyaluronidase enzyme activity. Hyaluronidase

s

º
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was added to hyaluronate-coated microtiter plates at a concentration of 1x10° NFU and

incubated for various times. Relative activity represents the difference in absorbance

between wells not exposed to HA'ase and those exposed to this enzyme.

Figure 5.

Dose-dependency of Streptomyces hyaluronidase enzyme activity. Serial dilutions

of hyaluronidase were incubated with hyaluronate-coated microtiter plates for 5 hours at

37°C as described in Materials and Methods. The reaction is linear between 10° and 10°

U/ml (inset).

Figure 6.

FCS contains inhibitors of Streptomyces and liver HA'ases. FCS was serially diluted

in PBS and incubated with an equal volume of either Streptomyces or porcine liver HA'ase.

Resulting enzymatic activity was then assayed as described in Materials and Methods and

activity compared to that in enzyme samples that had been incubated with PBS.

!,
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Chapter 2.2 UBSTRATE TECHNIOU HYA NI

We developed a substrate-gel assay for HA'ase and used this method in conjunction

with the ELISA-like assay to confirm enzymatic activity and to identify isoforms of the

enzyme. This technique can also separate the enzyme from its inhibitors. The method

makes use of HA-impregnated polyacrylamide gels. Samples containing enzyme are

electrophoretically separated under conditions in which the enzyme is inactive. The gels

are subsequently incubated under conditions that allow the enzyme to degrade the HA.

Alcian blue is used to stain the HA, leaving clear bands where HA'ase has degraded its

substrate.

MATERIALS AND METHODS

HA, prepared from human umbilical cords (ICE, Costa Mesa CA), and free of

chondroitin sulfate and protein, was used. HA'ase from Streptomyces was obtained from

Calbiochem (San Diego, CA). The Streptomyces enzyme was diluted in 0.1 M sodium

acetate, 0.15 M NaCl, 0.2 mg/ml BSA, pH 5.0. Gel electrophoresis following the method of

Laemmli (1970) was performed with the Hoefer SE 250-Mighty Small Il slab gel

electrophoresis unit. The stacking gel consisted of 3.75% polyacrylamide. The resolving

gel used a concentration of 7.5% polyacrylamide. All acrylamide products, stains, and

Triton X-100 were products of BioFad, Richmond, CA. The upper gel buffer was 0.5 M

Tris/HCl, pH 6.8 and the lower gel buffer was 1.5 M Tris/HCl, pH 8.8. A solution of human

umbilical cord HA was added to the resolving gel solution to a final concentration of 0.17

mg/ml prior to polymerization. The dimensions of the resolving gels were 8 x 5 x 0.75 cm

with a 1 cm stacking gel. Samples were diluted 1:3.5 in sample buffer consisting of 0.0625
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M Tris/HCl, pH 6.8, containing 10% glycerol and 0.05% bromophenol blue, plus or minus

3% SDS without boiling. Ten ul samples were run at 25 mA/gel for 45 minutes. The

running buffer was 0.25 M Tris, 0.192 M glycine at pH 9.0. The built-in cooling system of

the Hoefer gel apparatus was used with circulating ice water during the run. Following

electrophoresis, the gels were incubated for 16 hours at 37°C in 0.1 M sodium formate, 0.15

M NaCl, pH 3.7. When SDS was used during the electrophoresis, the gel was initially

washed for one hour with a 3% solution of Triton X-100 in PBS to remove the SDS prior to

the incubation reaction. The gels were stained for 16 hours in a solution of 0.5% Alcian

blue in 3% acetic acid and destained in 7% acetic acid with two changes for one hour

each. Gels were dried on a Hoefer slab gel dryer.

RESULTS

Serial dilutions of Streptomyces HA'ase were run on HA substrate gels in the

absence of SDS. Figure 1 demonstrates the presence of multiple isoforms of the enzyme

with two major and one faster migrating minor band. Serial dilutions of the enzyme reveal

a sensitivity of 1x10° U/ml. When samples were incubated with 3% SDS, and then

following electrophoresis, incubated in Triton X 100 to allow the enzyme to renature, the

migration pattern of isoforms was unchanged. The sensitivity of the assay, however, was

decreased (fig 2).

DISCUSSION

The zymographic technique for evaluating enzymes has been used for a number of

proteinases, particularly the metalloproteinases (Herron et al., 1986; Werb et al., 1989,

Unemori et al., 1990, Liebrach et al., 1991). This technique has proven extremely useful in
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the initial study of these enzymes, particularly in light of its ability to separate enzymes from

endogenous inhibitors.

Inclusion of SDS in electrophoresis denatures proteins and may result in loss of

biologic activity. This is particularly true of enzymes. Incubation of such proteins with

Triton X-100 removes much of the SDS and may allow reactivation of the enzyme. When

samples of Streptomyces HA'ase were treated with SDS and Triton X-100, the sensitivity of

this assay was decreased, indicating that only partial activity was recovered. Interestingly,

the migration pattern of the HA'ase did not change in either the presence or absence of

SDS. In both cases, the enzyme did not migrate as far into the substrate gel as one would

expect based on the molecular weight of this protein. This suggests an interaction of the

enzyme with the HA impregnated within the gel. Prestained molecular weight standards

ran normally on these gels.

We describe here a substrate gel procedure for HA'ase. This technique is more

difficult, time-consuming and less sensitive than the ELISA-like assay, however it is useful in

identifying isoforms of the enzyme and separating enzyme from inhibitors. We therefore

utilize this procedure to examine HA'ase in selected samples.

*
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FIGURE LEGENDS

Figure 1.

Hyaluronate substrate gel of Streptomyces hyaluronidase. Dilutions of the enzyme

were made and run as described. Lane 6 represents a concentration of 1x10° U/ml.

Figure 2.

Hyaluronate substrate gel of Streptomyces hyaluronidase. Dilutions of the enzyme

were made in sample buffer containing 3% SDS. Following electrophoresis gels were

incubated in Triton X-100 to remove the SDS. The dark staining bands represent Coomassie

blue stained BSA.
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Chapter 2.3 REISSIG ASSAY

The Reissig assay (Reissig, et al., 1955) was utilized in this thesis for studies of

HA'ase kinetics and inhibition. This technique allows manipulation of substrate

concentration and thus determination of Km and Vmax. This assay is based upon

generation of a new reducing N-acetylglucosamine terminus with each cleavage reaction.

Because this assay measures both terminal reducing N-acetylglucosamine and free N

acetylglucosamine, it is sensitive not only to the HA'ases, but also to the combined activities

of 3-D-glucuronidase and N-acetyl-3-D-hexosaminidase. 3-D-glucuronidase attacks the

nonreducing terminal glucuronic acid on the HA molecule. N-acetyl-B-D-hexosaminidase

may then cleave off the nonreducing terminal N-acetylglucosamine resulting from the

action of 3-D-glucuronidase. This reaction produces free N-acetylglucosamine that may be

detected by the Reissig assay. Both exoglycosidases are likely to be present in crude

biological preparations, and the use of the Reissig assay may therefore give artifactually high

levels of HA'ase due to this activity.

MATERIALS AND METHODS

HA (Sigma, St. Louis, MO) was dissolved in a buffer of 0.1 M sodium acetate, 0.05

M. NaCl, 0.2 mg/ml BSA, pH 5.0 for studies involving the Streptomyces HA'ase; 0.1 M

sodium formate, 0.15 M NaCl, 0.2 mg/ml BSA, pH 4.0 was used when the liver or testicular

HA'ase (\\ydase, Wyeth Laboratories, Philadelphia, PA) were examined. HA solutions

were incubated with HA'ase for 16 hours at 37°C and then assayed by Reissig's method.

Briefly, potassium tetraborate was added and reacted with p-dimethylaminobenzaldehyde.

The resulting colorimetric reaction was read spectrophotometrically at 585 nm. HA'ase
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activity is expressed as unM of N-acetylglucosamine released per incubation.

RESULTS/DISCUSSION

Figure 1 demonstrates a dose dependent decrease in N-acetylglucosamine released

by dilutions of Streptomyces HA'ase. The limit of sensitivity of the Reissig assay in our

hands is 0.1 NFU/ml HA'ase. This is better than the 15 NFU reported by Linker, 1974;

however, the degree of sensitivity of the ELISA-like assay is 1000 times greater.

FIGURE LEGEND

Figure 1.

Sensitivity of the Reissig assay. Dilutions of Streptomyces HA'ase were incubated

with hyaluronate.for 16 hours and released terminal N-acetylglucosamine measured as

described. The assay can detect no less than 0.1 NFU/ml HA'ase.
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CHAPTER 3

THE HYALURONIDASES

Three enzymes are capable of HA depolymerization. The exoglycosidases, N

acetyl-3-D-hexosaminidase and 3-D-glucuronidase, degrade HA from its termini. The third

enzyme, HA'ase, is an endoglycosidase and cleaves internally. By depolymerizing internal

bonds, HA'ase produces more substrates for the exoglycosidase and thus the presence of all

three enzymes facilitates HA degradation.

HA'ases exist in a wide range of tissues from a variety of species, from

microorganisms to mammals. All HA'ases are endoglycolytic for HA. However, these

enzymes possess differences in substrate specificity, degradation products and pH optimum,

and therefore may represent distinct proteins with different modes and sites of actions.

Mammalian HA'ases and the products of HA degradation modulate a diverse group of

biologic functions. Purification and characterization of the HA'ases is an early step towards

a full understanding of the biology of this group of enzymes. This is the subject of this

thesis.

We performed an organ survey to assess the relative activities of HA'ase in various

tissues. The liver was identified as the organ with the highest activity, therefore it was used

as the source of tissue for HA'ase purification.

Protein purification is frequently optimized by the inclusion of detergents and

protease inhibitors; however, certain detergents are known to inhibi: HA'ase activity

(Mathews & Dorfman, 1955). Furthermore, it is possible that some protease inhibitors may

also inhibit HA'ase. Therefore, we tested the effects of various detergents and protease

innibitors on HA'ase activity prior to purification.
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MATERIALS AND METHODS

Tissue Survey for Hyaluronidase

Organs of a 135-day gestation bovine fetus (270 days, term) (Hyclone Laboratories,

Logan, UT) were homogenized in ice cold water (1:2) for 30 seconds with a Polytron

homogenizer (Brinkman, Westbury, NY) at full speed, then centrifuged at 7000 xg for 30

minutes. Supernatants were diluted 1:2 in formate buffer, pH 3.5, and 100 ul aliquots

were assayed for HA'ase activity by ELISA.

Effects of Detergents and Protease inhibitors on Extraction of Hyaluronidase

Extraction and purification of proteins from a tissue must be optimized using the

proper detergents and protease inhibitors. However, enzymatic activity may be inhibited

by including these reagents. We therefore examined the effects of various detergents and

protease inhibitors on the activity of hepatic HA'ase prior to purification.

A 22.5 g specimen of porcine liver was homogenized in a Waring blender at high

speed for 2 minutes in 50 ml of ice cold water. The effects of three detergents and five

protease inhibitors on enzyme activity were then examined by adding to separate 5 ml

aliquots of the homogenate: 0.1% Triton X 100, 0.5% sodium deoxycholate, 1% CHAPS,

1 mM PMSF, 1 mM PCMB, 5m M NEM, 1mM benzamidine or 1 mM EDTA, and incubating

overnight at 4°C while stirring gently. For control, an aliquot of homogenate was exposed

to identical conditions without the addition of detergent or protease inhibitors. Samples

were then centrifuged at 7000 xg for 30 minutes. The supernatants were diluted in 0.1 M

sodium formate, 0.15 M NaCl, 0.1 mg/ml BSA, pH 3.7 and assayed for HA'ase activity by

ELISA.
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RESULTS

As seen in Figure 1, the liver homogenate contains the highest level of HA'ase in the

organs examined.

Figure 2 demonstrates the effects of three detergents on the extraction and activity of

porcine hepatic HA'ase. Extraction of liver homogenate in buffer containing 0.5% sodium

deoxycholate results in the highest levels of enzyme present in the homogenate

supernatant. Extraction in Triton X-100 did not increase the levels of enzyme above control

levels, while CHAPS appeared to have an inhibitory or denaturing effect on the enzyme.

Deoxycholate was therefore included in the initial homogenization.

The effects of protease inhibitors on HA'ase activity are seen in Figure 3. PMSF was

the only protease inhibitor that had an inhibitory effect on HA'ase activity. PCMB and NEM

increased the activity detected in the homogenate supernatant, while the others had no

appreciable effect. Since PMSF was the only protease inhibitor that inhibited HA'ase

activity, it was excluded from the inhibitor cocktail utilized during all steps of HA'ase

purification.

DISCUSSION

We demonstrate here the presence of HA'ase in porcine liver extracts and define

the optimal conditions for its subsequent purification. The metabolism of HA in a tissue is

dependent on the structural and developmental state of maturity of that tissue. In general,

HA levels are elevated in states of tissue proliferation and its breakdown occurs with tissue

maturation. This concept applies to embryogenesis, wound healing and tumorigenesis.

The enormous mass and viscosity of HA implies that it remains at its site of synthesis and

that much of its degradation occurs locally. However, some HA does diffuse out of the
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matrix and into the lymphatics. Indeed, increases in venous and lymphatic pressure can

raise lymphatic HA concentration several ■ old (Lebel et al., 1988). Once lymphatic HA

enters the circulation, it is rapidly degraded. The half life of circulating HA is between 2

and 6 minutes (Fraser et al., 1981, 1986). Degradation of circulating HA is accomplished

primarily in the liver. Isotopically labeled HA injected into the bloodstream of rabbits and

mice is concentrated in the liver and spleen (Fraser et al., 1981). Autoradiograms of liver

reveal 90% of the grains associated with the sinusoidal endothelial cells (Fraser, 1985).

Binding and uptake of HA by liver endothelial cells also occurs in vitro (Smedsrod, 1984).

Interestingly, HA'ase has not been identified in these cells. It has, however, been

demonstrated in hepatoma cells (Delpech, 1987). Purification and characterization of

HA'ase from the liver will aid in understanding the biology of this enzyme. We propose to

isolate this enzyme, generate a specific antiserum and identify the cellular sources of this

enzyme.
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FIGURE LEGENDS

Figure 1.

Organ survey for hyaluronidase. One volume of water was added to each tissue

(liver, kidney, spleen, heart, lung, adrenal, thymus). After homogenization, the supernatants

were diluted in formate buffer and assayed by ELISA as described in Materials and Methods.

Figure 2.

Effects of detergents on the extraction of hyaluronidase from porcine liver. Porcine

liver hyaluronidase was extracted in the absence or presence of 0.1% Triton X-100, 0.5%

deoxycholate or 1% CHAPS. The supernatants were diluted in formate buffer and assayed

by ELISA.

Figure 3.

Effects of protease inhibitors on hyaluronidase activity. Porcine liver hyaluronidase

was extracted in the absence or presence of various protease inhibitors. The effects of the

individual inhibitors on enzyme activity were then compared as described in Materials and

Methods.
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CHAPTER 4

PURIFICATION OF PORCINE HEPATIC HYALURONIDASE

The liver plays a critical role in the metabolism of circulating HA. In the circulation,

the half-life of this polymer is between 2 and 6 minutes (Fraser et al., 1981, 1986). The HA

level of plasma entering the liver is significantly higher than that exiting, suggesting that this

organ is a major site of its degradation. Bentsen et al., 1986, has demonstrated that

approximately 33% of the HA entering the liver is extracted in its vascular bed. In both

experimental animals and humans, alteration in hepatic function is associated with

increased levels of circulating HA (Henriksen et al., 1988; Engstrom-Laurent & Hellstrom,

1990). Furthermore, chronic liver damage results in release of HA'ase from the liver into

the serum (Nakamura et al., 1970). The cellular source of liver HA'ase is not known. The

sinusoidal endothelial cell is a likely source since intravenous injection of *H-HA results in

deposition of label in these cells as demonstrated by autoradiography (Fraser et al., 1985).

This suggests that this cell type is responsible for uptake of HA. Furthermore, these cells

have been shown to endocytose HA (Smedsrod et al., 1984) through a receptor mediated

mechanism that involves receptor recycling and a coated pit mechanism (McGary et al.,

1989).

Interest in HA-receptors has increased recently with the identification of HA

receptors such as CD-14 (Underhill, 1992). Binding of HA to another receptor, RHAMM.

(Receptor for HA-Mediated Motility) has been implicated in ras-mediated cell locomotion

(Turley, 1992; Hardwicket al., 1992). Thus, HA-binding to cell surface receptors controls

important cellular activities. Conversely, the removal of HA from the pericellular and

systemic environment must set in motion an entirely different cascade of intracellular
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signalling events.

Despite strong evidence for uptake of HA by liver endothelial cells, HA'ase activity

in these cells has not been demonstrated. In contrast, hepatoma cells do produce this

enzyme (Delpech et al., 1987). Failure to detect HA'ase activity in liver endothelial cells

through enzymologic methods may be due to a lack of sensitive assays, instability of the

enzyme or interaction of the enzyme with inhibitors. Use of highly sensitive assays may

demonstrate activity of this enzyme in endothelial cells. Alternatively, purification of

hepatic HA'ase and development of antibodies would allow an immunologic approach

towards detection of this enzyme. Finally, use of antibodies could identify the cellular

source of HA'ase in the liver and in other tissues. This chapter describes the purification

and characterization of porcine liver HA'ase, a requisite task to aid in answering these

questions.

MATERIALS AND METHODS

Extraction

Porcine hepatic HA'ase was purified from adult mini Yucatan pigs. The animal was

sacrificed by pentobarbital overdose. To remove as much blood as possible from the organ,

the inferior vena cava was transected and the hepatic artery cannulated. The vascular bed

was then flushed with approximately 500 ml of cold saline until the effluent was clear. The

liver was removed from the animal and a 180 g specimen was transported on ice to the

laboratory.

The tissue was minced and homogenized in 500 ml of ice cold water containing
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0.5% sodium deoxycholate (Eastman Kodak, Rochester, NY), 1 mM PCMB (Sigma, St Louis,

MO), 1 mM benzamidine HCl (Eastman Kodak, Rochester, NY), 5 Mm NEM (Sigma, St Louis

MO) and 1 mM EDTA (Sigma St Louis, MO) (See Chapter 3). Homogenization was

accomplished in a Waring blender at high speed for 2 minutes in 30 second pulses. All

subsequent steps in the purification were carried out on ice or at 4°C except where

indicated. The homogenate was centrifuged at 16,000 xg for 30 minutes. The supernatant

was collected and the pH was adjusted to 3.5 by adding 2 N HCl dropwise while stirring.

The precipitate was removed by centrifugation, again at 16,000 xg for 30 minutes. The pH

of the supernatant was neutralized to 6.5 by adding 2 N NaOH, dropwise while spinning.

The extract was again centrifuged and the supernatant passed through a 0.22 Lum filter. The

extract at this stage was recorded as "post acidification supernatant".

Chromatography

The post acidification supernatant was applied to a column of DEAE-cellulose (DE

52, Whatman Biosystems). The column, (50 x 2 cm (bed volume of 210 ml)) was

preequilibrated with 10 mM sodium phosphate plus protease inhibitors, pH 8.0 (DEAE

buffer A). The sample was loaded and the column run at a flow rate of 26.5 ml/hr. The

column was washed with approximately 500 ml of buffer A. Fractions of 7 ml were

collected. Proteins were eluted with a linear gradient from buffer A to 0.2 M sodium

phosphate, pH 8.0 (DEAE buffer B) at a flow rate of 16 ml/hr. The total volume of the

gradient was 500 ml. Fractions were assayed for HA'ase activity by ELISA (1:40 dilutions in

formate buffer plus 0.2 mg/ml BSA) and absorbance at 280 nm measured. Selected

fractions were also assayed by substrate gel electrophoresis.

A column of Concanavalin A-Sepharose (Pharmacia, Piscataway, NJ) was

37



equilibrated in a buffer of 20mM HEPES, 10mM MgCl, 10mM CaCl, pH 7.5 (Con A buffer

A). The Column (25 x 2 cm (bed volume = 70ml)) was run at 16 ml/hr. The DEAE

fractions containing HA'ase were pooled and equilibrated into Con A buffer A by buffer

exchange over Sephadex G-25 (Biorad, Richmond, CA). This was then loaded onto the

Con A column and washed with approximately 150 ml of Con A buffer A. Adsorbed

protein was then eluted with Con A buffer A plus 0.3 M methyl-alpha-D-mannopyranoside

(Sigma St Louis, MO) (Con A buffer B). Absorbance at 280 nm was measured and HA'ase

activity measured in alternate fractions.

Con A fractions containing HA'ase were pooled and exchanged over Sephadex G

25 into a buffer of 20 mNA sodium phosphate pH 6.8 (Mono Q buffer A). This material was

then chromatographed at room temperature utilizing an FPLC system (Pharmacia,

Piscataway, NJ) with a Mono Q column. The column was equilibrated with Mono Q buffer

A. Aliquots of 2 ml were loaded at a flow rate of 1.5 ml/min and washed with 3 ml of

buffer A. Fractions of 0.75 ml were collected. The column was eluted with a linear gradient

of buffer A to 20 mM sodium phosphate, 0.5 ml NaCl, pH 6.8 (Mono Q buffer B). The total

volume of elution was 20 ml. Absorbance at 280 nm was measured continuously. HA'ase

activity in each tube was assayed by ELISA following dilution of an aliquot to 1:40 in

formate buffer plus 0.2 mg/ml BSA.

Protein concentrations were measured using ºne BioFad protein assay kit with

bovine serum albumin as standards. Samples were concentrated, when necessary in

Centricon 10 concentrators (Amicon, Beverly, MA).

Gel Electrophoresis

Molecular weight and purity of the HA'ase samples were assessed by sodium
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dodecylsulfate/polyacrylamide gel electrophoresis (SDS/PACE). Twelve percent

polyacrylamide gels were run according to the method of Laemmli, 1970. Samples were

analyzed under non reducing conditions or were reduced by boiling in 5% 2

mercaptoethanol (v/v). Bio Rad low molecular weight standards were included in two lanes

of each gel.

In order to demonstrate that the single band of purified protein was indeed HA'ase,

a 7.5% polyacrylamide gel was run with molecular weight standards and the purified

preparation in adjacent lanes. The lane with the standards was excised from the gel and

stained with Commassie blue and then replaced in its original orientation in the remaining

gel slab. The lane containing the enzyme was divided into 8 sections corresponding to

molecular weights from 200 kDa to 45 kDa. Each section was then homogenized in

sample buffer, using a double barrel Syringe, and loaded on a substrate gel. The substrate

gel was run as described in Chapter 2.2.

Gel Filtration

Molecular size determination and purity was also assessed by gel filtration on the

FPLC system with a Superose 12 column. The column was run in formate buffer at a flow

rate of 0.5 ml/min. Fractions of 0.5 ml were collected. A 200 ul sample of the Mono Q

fraction containing HA'ase was applied to the column and fractions assayed for HA'ase

activity by ELISA. Gel filtration molecular weight standards (Sigma, St. Louis, MO) were

used and included blue dextran, thyroglobulin (669 kDa), apoferritin (440 kDa), beta

amylase (200 kDa), alcohol dehydrogenase (150 kDa), BSA (66 kDa), carbonic anhydrase

(29 kDa), and cytochrome C (12.5 kDa).
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RESULTS

The liver homogenate supernatant following selective acid denaturation (post

acidification supernatant) was run on a column of DEAE-cellulose. Figure 1 shows the

chromatogram of this run. HA'ase activity elutes between 0.03-0.1 M sodium phosphate.

Selected fractions assayed by substrate gel electrophoresis demonstrate clear bands of

HA'ase activity corresponding to activity detected by ELISA (fig 2). A single, broad band of

HA'ase activity can bee seen in fractions 126-136. Fractions 121-138 containing enzymatic

activity as assayed by ELISA were pooled and equilibrated into Con A buffer A. This

material was then chromatographed over Con A. As seen in Figure 3, HA'ase activity binds

to the resin and was eluted with 0.3 M alpha-D-methyl mannopyranoside in peak 2. Peak 2

was equilibrated into Mono Q buffer A and chromatographed (fig 4). Multiple protein

peaks were present. HA'ase activity eluted in the first peak at 26% buffer B. This represents

approximately 0.05 M NaCl. Fractions 14 and 15 contained a single protein band on

SDS/PAGE. These fractions were pooled. This sample was concentrated and used for all

further studies, including amino acid sequencing, immunization and enzyme

characterization. Figure 5 demonstrates an SDS/PAGE of each of the purification steps.

Mono Q fractions 14-15 contained a single protein band corresponding to a molecular

weight of 55 kDa. This did not change under reducing conditions. No additional bands

appeared when the sample was run in higher concentrations or when the gel was stained

with silver.

When the purified HA'ase preparation was run on an SDS/PAGE gel, along side

molecular weight standards, the section of the gel containing the 55 kDa protein also

contained HA'ase activity (figs. 6A-D).

Molecular weignt determination and purity was also assessed by SDS/PAGE by gel
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filtration on a column of Superose 12 (fig 7). A single protein peak that eluted at a volume

corresponding to 60 kDa was obtained. This protein peak corresponded to a peak of

HA'ase activity.

DISCUSSION

A tabulation of a typical HA'ase purification is seen in table 1, beginning with 180

grams of fresh porcine liver. There were intrinsic difficulties in assaying HA'ase activity in

the Crude liver ead because of high levels of inhibitors. Potent activity was evident on

substrate gels, however levels of activity could not be quantified from such gels. For this

reason, the tabulation for the purification scheme was begun using the supernatant

following acidification and neutralization. With such starting material, a 263-fold

purification was achieved with a 7% yield of total activity, and a specific activity of 14

units/ug protein. This value is comparable to the specific activity of the bovine testicular

enzyme (Wydase, Wyeth Laboratories). An inhibitor of HA'ase may have copurified with

the activity, as suggested by the contrasting substrate gel and ELISA-like assay profiles in

Figures 1 and 2. An indentation was apparent in the center of the fractions containing

activity from the DEAE-cellulose column (fractions no. 130 and adjacent fractions). No such

diminution was apparent in the HA-substrate gel zymography of these fractions.

Presumably enzyme and inhibitor had been separated electrophoretically.

HA'ase inhibitors in serum have been known for some time (Hyman et al., 1955;

Mathews & Dorfman, 1955). Although the site of synthesis of these inhibitors is not know,

the liver is a likely source. The partial purification of serum HA'ase inhibitors in serum is

described in Chapter 8.

The liver is a major organ for uptake and degradation of HA. Ligation of the hepatic

:
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artery results in an immediate increase in circulating HA (Engstrom-Laurent A & Helstrom S,

1990). The kidney is also a site for HA degradation. Ligation of the renal artery results in

an increase in circulating HA (Engstrom-Laurent A, & Helstrom S, 1990). As in hepatic

failure, elevated levels of serum HA occur in patients with acute renal failure as well as in

patients on renal dialysis (personal communication, E. Cooper, Leeds, U.K.). These findings

suggest that these organs are important sites for HA clearance.

The porcine hepatic HA'ase purified here has a molecular weight of 55 kDa by

electrophoresis and 60 kDa by gel filtration. Joy et al., 1985, reported a molecular weight

of 70 kDa by electrophoresis for the same enzyme. That group used a different method of

purification and acknowledged the presence of two lower molecular weight proteins. The

sizes of these proteins were not identified; however, it is likely that one was responsible for

enzymatic activity.

HA'ase from human serum has also been purified (Chapter 9, Afifi et al., 1993). It

was assumed initially that the circulating enzyme was a secretory product of the liver.

However, it appears that the two activities are associated with two entirely different

proteins. The serum enzyme is cationic while the liver enzyme binds to an anionic

exchange resin, and appears to be an anionic protein. The serum enzyme is 59 kDa on

SDS/PAGE and increases to 72 kDa upon reduction. The 55 kDa liver HA'ase band did not

change its migration pattern upon reduction. The 59 kDa serum enzyme is sensitive to

NaCl concentration, and activity is inhibited at salt concentrations higher than physiological

levels. The liver-derived HA'ase activity showed no such response to NaCl. Finally, while

the pH optimum of both the liver and serum HA'ases are approximately 4.0, the liver

activity has a sharp optimum compared to the broad profile of the serum enzyme.

HA'ases from liver, serum, testes and Streptomyces are all retarded on substrate gels
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(Chapter 2.2). When non-HA-binding molecular weight standards are run on such gels,

there is some retardation in migration but the relative mobilities are maintained. HA'ase

from any of these sources runs disproportionately slow. Retardation on HA-substrate gels

could thus not be attributed merely to enhanced gel viscosity. This suggests that these

enzymes belong to the family of HA-binding proteins or "hyaladherins" (Toole, 1990,

Underhill, 1992). In support of this is the finding that the cDNA of cloned porcine liver

HA'ase contains a sequence that encodes an HA-binding consensus motif (Appendix 1).

We are confident that our enzyme preparation is indeed pure. It contains a single

protein on SDS/PACE. This band, when eluted from the gel, possesses HA'ase activity.

Amino acid sequence determinations document only one amino acid sequence (Chapter 5).

Finally, molecular cloning of this protein and expression in a baculovirus system produces a

molecule with HA'ase activity (Appendix 1).
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FIGURE LEGENDS

Figure 1.

DEAE-Cellulose Chromatogram of Porcine Liver Post Acidification Supernatant. The

porcine liver homogenate supernatant following selective acid denaturization (post

acidification supernatant was run without buffer change over a column of DEAE-cellulose.

The protein was eluted with a linear gradient from 10 mM sodium phosphate plus protease

inhibitors, pH 8.0 to 0.2 M sodium phosphate, pH 8.0 ( ). Absorbance at 280 nm was

measured in each fraction ( ). Hyaluronidase activity was measured in 1:40 dilutions of

each fraction by ELISA as described in Materials and Methods ( ). Fractions 121-138 were

pooled (horizontal arrow).

Figure 2.

Substrate Gel Electrophoresis of DEAE Fractions 113-146. DEAE fractions 113-146

were subject to hyaluronate impregnated gels. Following electrophoresis gels were stained

with Alcian blue. Clear bands represent hyaluronidase activity.

Figure 3.

Concanavalin A-Sepharose Chromatogram of DEAE Fractions 121-138. DEAE

fractions 121-138 were equilibrated in 20mM HEPES, 10mM MgCl2, 10mM CaCl2, pH 7.5

(Con A buffer A) and run on a column of Concanavalin asºnroe Protein was eluted

with Con A buffer A plus 0.3 M alpha-D-methyl mannopyranoside (vertical arrow).

Absorbance at 280 nm was measured in each fraction. Hyaluronidase activity was

determined by ELISA as described in Materials and Methods. Fractions 61-71 were pooled.
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Figure 4.

FPLC chromatogram of Con A peak 2 using a Mono Q column. Con A peak 2 was

equilibrated in Mono Q buffer A and chromatographed. Protein was eluted with a linear

gradient from 0.02 M sodium phosphate, pH 8.0 to 0.2 M sodium phosphate, ph 6.8 ( ).

Absorbance at 280 nm was continuously monitored at 280 nm ( ). Hyaluronidase activity

was measured in each fraction by ELISA as described in Materials and Methods.

Figure 5.

SDS/PAGE of porcine liver hyaluronidase purification. Material obtained from each

step of the purification was run on 7.5% PAGE under non-reducing conditions and stained

with Commassie Blue as described. Lane 1: Mono Q fractions 14-15. A single protein

band of 55 kDa is seen in the purified preparation. Lane 2: Con A peak 2. Lane 3: DEAE

fraction 121-138. Lane 4: post acidification supernatant. Lane 5: Molecular weight

standards.

Figures 6 A-D.

Figure 6A. Mono Q fractions 14-15 were run on SDS/PACE with molecular weight

standards in an adjacent lane. The lane with standards was excised, stained, and used as a

guide to remove 8 fragments of gel from lane containing the Mono Q fractions. Fragments

were labeled A-H corresponding to molecular weights from 200 kDa to 45 kDa.

Figure 6B. Fragments A-D were homogenized in sample buffer and run on substrate

gels. No enzymatic activity can be seen between 116 kDa and 200 kDa.

Figure 6C. A band of hyaluronidase activity can be seen in fragment G. This

corresponds to the 55 kDa protein.
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Figure 6D. The gel was stained with Commassie blue for additional contrast. Note:

gel is reversed from figure 6C.

Figure 7.

Superose 12 chromatogram of Mono Q fractions 14-15. Mono Q fractions 14-15

was run on a column of Superose 12 in 0.1 M sodium formate, 0.15 M NaCl, pH 4.0. A

single protein peak elutes with a Ve of 12.00 ml. This corresponds to a molecular weight of

60 kDa. Hyaluronidase activity as determined by ELISA corresponds to this protein peak.
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CHAPTER 5

AMINO ACID SEOUENCE OF PORCINE HEPATIC HYA NIDA

Amino acid sequencing is an important technique useful in establishing the purity of

a preparation, as well as for Comparing proteins for sequence homology. Identification of

an amino acid Sequence is also necessary for generating appropriate oligonucleotide probes

for the gene. These probes can be utilized in cloning the gene. In addition, synthetic

peptides can be produced based on known amino acid sequence. These are frequently

used to produce antibodies that may be used as probes for the protein.

The liver is the most important organ for metabolizing circulating HA (Fraser et

al., 1981; Bentsen et al., 1986;). This degradation is regulated by the action of HA'ase. The

cellular source of this enzyme within the liver has not been established. We have purified

porcine liver HA'ase to a single protein of 55 kDa (see Chapter 4). To confirm purity and to

establish partial amino acid sequence, automated Edman degradation was performed on the

intact protein as well as on a single CNBr peptide.

MATERIALS AND METHODS

Porcine liver HA'ase obtained following the Mono Q chromatographic step (see

Chapter 4) had amino acid sequence determination performed at the University of

California Bimolecular Resource Center. Samples containing 1200 pmol of protein were

subjected to Edman degradation using a Applied Biosystems 470A gas-phase sequencer. In

this procedure, the amino terminus of the protein was covalently reacted with

phenylisothiocyanate. Following acidification, the terminal amino acid was cleaved from

the protein and the corresponding phenythiohydantoin-amino acid (PTH-aa) derivative was

*
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produced. PTH-aa derivatives were identified and quantitated by C-18 reverse-phase HPLC,

using an on-line Applied Biosystems 120A PTH analyzer.

Cyanogen bromide digestion of the intact protein was then performed. Resulting

peptides were separated by reverse phase HPLC and the major peptide species selected.

The N-terminal sequence of this peptide was obtained by Edman degradation in an identical

fashion. Both the true amino terminal and internal sequences were compared against the

Dayhoff and Genbank database.

RESULTS

The amino acid sequence of the true amino terminus is seen in Figure 1. Twenty

cycles were run. With each cycle of the Edman reaction, two amino acids were detected.

However, comparison of the residues present in successive cycles revealed that the

sequences of the two were identical, with one species being truncated by a single amino

acid. The database searched show a faint resemblance to a few proteins but no strong

matches.

To obtain an internal amino acid sequence, the purified intact HA'ase was subject to

CNBr cleavage and reverse phase HPLC separation. Two major peptide peaks were

produced (fig 2). The peak eluting at 47.5% acetonitrile was collected and subjected to

amino acid sequencing. Each cycle of this reaction produced multiple N-termini, however,

one was seen in excess. The sequence of this CNBr peptide is seen in Figure 3.

Comparison with the database detected strong homology with human and rat hemopexin.

DISCUSSION

The amino terminal sequence and an internal sequence of porcine hepatic HA'aseC C p p
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has been determined. A single amino acid sequence was obtained from the most purified

preparation (Mono Q fraction, see Chapter 4). This confirms the purity of the sample.

However, the homology of the sequence with human and rat hemopexin raises the

possibility that the preparation contains two proteins, HA'ase and hemopexin. For this to

be the case, the amino terminus of HA'ase would need to be blocked to the Edman

degradation so that only hemopexin would be detected. An alternative possibility is that

hemopexin possesses HA'ase activity.

Although proteins with similar amino acid sequences frequently have similar

functions, this is not always the case. Evolution has allowed the recruitment of existing

genes to be used in novel proteins. For example, one of the structural proteins of the eye

lens has homology with lactic dehydrogenase (Branden & Tooze, 1991). Hemopexin is

another example of this phenomenon; sequence analysis of this molecule reveals that it

contains at least eight repeats of a unit of 35-45 amino acids (Altruda et al., 1985). This

repeating unit is also present in the C-terminal domains of stromelysin and interstitial

collagenase (Hunt et al., 1987; Fini et al., 1987; Matrisian et al., 1986), as well as

vitronectin (Hunt et al., 1987). A domain in hemopexin that aligns with vitronectin and

collagenase (Hunt et al., 1987) also aligns precisely with the internal amino acid sequence

of the purified porcine hepatic HA'ase. This raises an interesting evolutionary parallel

between the metabolism of matrix proteins and HA.
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FIGURE LEGENDS

Figure 1.

Amino acid sequence of the amino terminus of purified porcine hepatic

hyaluronidase.

Figure 2.

Reverse phase HPLC of CNBr peptides of porcine hepatic hyaluronidase. The

second major peak eluted at 47.5% acetonitrile (arrow). This peptide was collected and

sequenced.

Figure 3.

Amino acid sequence of a CNBr peptide of purified porcine hepatic hyaluronidase.
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CHAPTER 6

PARATION OF POLY NAL ANTI T INE LIV Y N

The activity of HA'ase and its distribution in tissues have proven difficult to

document in many systems. Reasons for this include both the enzyme's inherent instability,

as well the presence of potent physiologic inhibitors of its activity. With the exception of

hepatoma cells (Delpech et al., 1987), fibroblasts from chick embryo (Orkin & Toole, 1980)

and wound granulation tissue fibroblasts (Ruggierio et al., 1987), in vitro systems have

failed to document the presence of this enzyme. Since the majority of HA in the body is

present in the skin, the absence of this enzyme in fibroblasts is puzzling. Orkin, 1989,

believes that the enzyme is present in fibroblasts but that current techniques cannot detect

its activity due to the aforementioned reasons. We have chosen to develop antibodies to

HA'ase to avoid these difficulties. Detection of HA'ase through immunologic methods

should be possible despite of loss of enzyme activity or interaction with inhibitors. In

addition, production of antibodies will allow identification of the cellular source of this

protein as well as precursor forms.

MATERIALS AND METHODS

Purified porcine liver HA'ase was used to produce polyclonal antisera in rabbits.

The preparation used to immunize these animals had high levels of enzymatic activity

(Chapter 4). Purity of the preparation was determined by electrophoresis, gel filtration

(Chapter 4), amino acid sequencing (Chapter 5), and molecular cloning and expression of

active enzyme in a baculovirus system (Appendix 1).
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Immunization

Five adult New Zealand albino rabbits were used in this study. Animals were

immobilized by intramuscular administration of Ketamine hydrochloride prior to each

immunization and serum collection. Preimmune serum was obtained from each animal.

Purified porcine liver HA'ase was diluted to 200 ug/0.5 ml in PBS. This was emulsified in

an equal volume of Freund's complete adjuvant (Sigma, St. Louis, MO). Primary

immunization was accomplished by intradermal injection of this mixture at six sites along

the animals back. At 21 day intervals, animals were boosted with 100 ug of purified

HA'ase in 0.5 ml PBS that was emulsified in an equal volume of Freund's incomplete

adjuvant. Booster immunizations were administered subcutaneously at 6 sites along the

back. Fourteen days following the third boost, serum samples were obtained and

antibodies to HA'ase detected by dot blot assay. Animals were exsanguinated the following

day and sera aliquoted and stored at -20°C.

Dot Blot Assay

To determine the titers of anti-HA'ase antibodies following the final boost, dot blot

assays were performed. Serial dilutions of the purified HA'ase were made in 10mM Tris

HCI, 150 mM NaCl, pH 8.0 (Tris buffered saline (TBS) with 0.1 mg/ml BSA. Two al

aliquots were spotted onto nitrocellulose membranes (BioFad, Richmond, CA). The

concentration of HA'ase per spot ranged from 1400 pg to 0.2 pg per spot. For positive

controls, normal rabbit IgG was spotted at a concentration of 20 ng/spot. Membranes were

allowed to dry prior to use and then blocked with 1 % BSA in TBS plus 0.05% Tween 20

(TBST) by incubating for 30 minutes. All incubations were performed at room temperature

on an orbital shaker. Membranes were then incubated in a 1:100 dilution of preimmune or
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postimmune serum in TBST for 30 minutes. This and all subsequent steps were separated

by 15 minute washes with TBST. Bound antibody was detected by incubating for 30

minutes with goat anti-rabbit Ig-alkaline phosphatase (Promega, Madison, WI) at a dilution

of 1:5000 in TBST. The alkaline phosphatase was then reacted with NBT/BCIP substrate as

directed (Promega, Madison, WI) for 1-15 min until the maximum color had developed.

The specificity of the antiserum from rabbit 3 was examined for reactivity against

HA'ase from bovine testes (Wydase, Wyeth Laboratories, Philadelphia, PA) and from

Streptomyces (ICN, Costa Mesa, CA). Both preparations were spotted onto nitrocellulose

membranes at 40 ng/spot and reacted as above. In addition, reactivity towards a synthetic

decapeptide based on the amino terminal sequence of purified porcine hepatic HA'ase was

tested (See Chapter 5) in an identical fashion.

Western Blots

To assess the specificity of the antisera for HA'ase in a crude liver extract and to

detect putative precursor forms of the enzyme, Western Blot assays were performed. Liver

homogenate supernatant proteins prepared in the first step in the HA'ase purification (see

Chapter 4) were separated on 12% polyacrylamide gels and proteins electroblotted to

nitrocellulose. The membranes were then incubated for 30 minutes in a 1:100 of antiserum

from rabbit 3. The remainder of the procedure was identical to the dot blot assay.

Affinity Chromatography and Effect on Enzyme Activity

To further demonstrate the specificity of the antiserum for HA'ase, the enzyme was

passed over a Protein A-Sepharose column charged with anti HA'ase serum. Four hundred

ul of the hyperimmune serum from rabbit 3 was equilibrated in 50 mM Tris, pH 8.6. This
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was passed over a 2 ml column of protein-A-Sepharose CL4B (Pharmacia, Piscataway, NJ)

equilibrated in the same buffer. For control, hyperimmune serum from a rabbit immunized

with an irrelevant peptide (kindly provided by R. Kramer) was used. The column was then

washed with 10 bed volumes of buffer. A 50 pul aliquot of porcine liver HA'ase was mixed

with 150 pul of a carrier protein solution. This consisted of 2 mg/ml of either BSA or

cytochrome C in Tris buffer. The sample was then applied to the column. Fractions of 0.5

ml were collected. Adsorbed antibody-antigen complexes were eluted with 0.1 M sodium

citrate, pH 4.0. Absorbance at 280 nm was monitored in each tube. Fractions containing

the void volume and the adsorbed proteins were then assayed for HA'ase activity by

substrate gel and ELISA.

RESULTS

Dot blot assay of rabbit sera, 14 days after the third boost, revealed the presence of

antibodies against porcine liver HA'ase. In 1:100 dilutions of the sera from rabbits 2-5

strong reactivity with the liver HA'ase was noted. Rabbit 1 had slight reactivity only at the

highest concentration of antigen (1.4 ng/spot), while sera from rabbits 2-5 gave a strong

reaction at this concentration. Serum from rabbit 3 gave the strongest reaction at the lowest

concentration of antigen (fig 1). A faint reaction could be seen with as little as 20 pg/spot.

Preimmune sera failed to react with any concentration of the enzyme.

Antiserum from rabbit 3 also reacted with bovine testicular HA'ase but failed to

recognize the Streptomyces enzyme as well as a synthetic decapeptide based on the amino

terminus of the porcine liver enzyme (fig 2).

Western blots using antiserum from rabbit 3 were used to detect HA'ase in a crude

liver extract. Figure 3 demonstrates the mixture of proteins run on SDS/PAGE and stained
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with Commassie Blue. This mixture was electroblotted onto nitrocellulose and probed for

reactivity with antiserum i■ om rabbit 3. A single band with strong staining and a molecular

weight consistent with the purified liver HA'ase as well as a higher molecular weight band

was detected (fig 4).

When the antiserum from rabbit 3 was adsorbed to Protein A-Sepharose, and

HA'ase passed over the column, the majority of the enzymatic activity was retained by the

column (fig 5A-C). However, when the antibody-antigen complexes were eluted, active

enzyme could not be recovered, suggesting that the antiserum is a neutralizing one. In the

control experiments using irrelevant antiserum, HA'ase activity passed through the column

(fig 6A-C). This further demonstrates the specificity of the antiserum for HA'ase.

DISCUSSION

We have prepared polyclonal antisera to porcine liver HA'ase. Four of the five

rabbits immunized produced an immune response of high titer. The antiserum from the

rabbit with the highest was examined further. That this antiserum was specific for HA'ase is

supported by two lines of evidence: the antiserum was able to retain HA'ase on an affinity

column and inhibit enzymatic activity while an irrelevant serum fail to do either; the

antiserum recognized a single protein species among the complex mixture of liver proteins

in a crude liver homogenate. Furthermore, the antiserum cross reacted with bovine

testicular HA'ase but failed to recognize the Streptomyces enzyme. This suggests

conservation of epitopes among mammalian HA'ases. Cross reactivity between the porcine

liver and bovine testicular enzymes is interesting in light of the fact that these enzymes have

distinct pH optima and have been considered distinct molecules. The liver enzyme with its

acidic pH optimum is assumed to be of lysosomal origin. The testicular enzyme is more

-
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active towards a neutral pH and is carried by the sperm and released during the acrosomal

reaction. However, the acrosome is believed by some to be a modified lysosome. Despite

differences in the pH optima of the these two forms of HA'ase, it is likely that they share

multiple epitopes. These epitopes may include the HA-binding regions present in the

family of HA-binding proteins know as hyaluroadherins (Toole, 1990). This diverse group

of molecules shares a consensus motif responsible for HA-binding that confers altered

cellular phenotype. The absence of cross reactivity of the antiserum with the Streptomyces

enzyme is not surprising in light of their distant evolutionary paths. In addition to different

pH optima, the liver and Streptomyces enzymes have distinct substrate specificities, and

degradation products. The antiserum also failed to react with the synthetic oligopeptide

based on the amino terminal sequence of the purified liver HA'ase. One possible

explanation is that the rabbits were immunized with the native, active preparation of the

enzyme and that in its native form, the amino terminus of the enzyme is not present in a

conformation that allows exposure to the immune response; that is, epitopes in this region

may be buried. Reactivity against SDS treated enzyme indicates that although the rabbits

were immunized with native enzyme, the antiserum does recognize some epitopes when

the enzyme is in a denatured state.

When the antiserum was used in Western Blots against a crude liver homogenate a

minor, higher molecular weight band was detected. This suggests the presence of a

precursor form of this enzyme. Many enzymes are synthesized in an inactive zymogen

form that is proteolytically activated when necessary. Alternatively, the higher molecular

weight protein might not be a precursor but could be related by virtue of common epitopes.

Finally, neutralization of enzyme activity by the antiserum indicates the presence of

antibodies that recognize epitopes at or near the active site of the enzyme.
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FIGURE LEGENDS

Figure 1

Dot blot assay using antiserum from rabbit 3 with different concentrations of porcine

liver hyaluronidase spotted onto nitrocellulose membranes. Spot A, 1.4 ng; B, 200 pg; C,

20 pg,; D, 2 pg; E, 0.2 pg. Spot E is a positive control of 20 ng normal rabbit IgG. A 1:100

dilution of antiserum from rabbits 1-5 was utilized as described in Materials and Methods.

Figure 2

Dot blot assay using a 1:100 dilution of antiserum from rabbit 3 and 40 ng/spot of

bovine testicular hyaluronidase, T; Streptomyces hyaluronidase, S; synthetic decapeptide

base on the amino terminus of porcine liver hyaluronidase, L.

Figure 3

SDS/PAGE of post acidification supernatant of porcine liver extract (lane 1) and

molecular weight standards (lane 2). The gel was stained with Commassie blue.

Figure 4

Western blot of post-acidification supernatant of porcine liver extracte reacted with

antiserum from rabbit 3 as described in materials and methods. A single band

corresponding to hyaluronidase is detected as well as a minor higher molecular weight

species.

Figure 5A

Protein A-Sepharose-anti hyaluronidase chromatogram. Four hundred ul of
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hyaluronidase antiserum from rabbit 3 was run over a 2 ml bed of Protein A-Sepharose. A

sample containing hyaluronidase, BSA and cytochrome C was then passed over the charged

column. Adsorbed antigen-antibody complexes were eluted with 0.1 M citrate as described

in Materials and Methods (arrow).

Figure 5B

Substrate gel of hyaluronidase activity before and after Protein A-sepharose-anti

hyaluronidase chromatography (fig 4A). The activity present in the sample loaded on the

column is seen in lane A. Fractions 4-8 contain only low levels of activity indicating that

the hyaluronidase was retained on the column. Fractions 12 & 13 represent protein that

eluted from the Column. Lane B is a Streptomyces hyaluronidase standard.

Figure 5C

ELISA for hyaluronidase present in sample loaded on column, and fractions 3-15 (fig

4A).

Figure 6A

Protein A-Sepharose-anti irrelevant peptide chromatogram. Four hundred ul of

hyperimmune serum to an irrelevant peptide was run over a 2 ml bed of Protein A

Sepharose. A sample containing hyaluronidase, BSA and cytochrome C was then passed

over the charged column. Adsorbed antigen-antibody complexes were eluted with 0.1 M

citrate as described in Materials and Methods (arrow).
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Figure 6B

Substrate gel of hyaluronidase activity before and after Protein A-sepharose-anti

hyaluronidase chromatography (fig 4A). The activity present in the sample loaded on the

column is seen in lane A. Fractions 3-8 contain the activity present in the starting sample,

indicating the activity is not bound non-specifically to the column. Lane B is a

Streptomyces hyaluronidase Standard.

Figure 6C

ELISA for hyaluronidase present in sample loaded on column, and fractions 3-16 (fig

5A).
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Chapter 7 IMMUNOLOCALIZATION OF HYALURONIDASE

Circulating HA is removed rapidly by the liver and is degraded effectively in this

organ. The half-life of HA in the circulation is between 2 and 6 minutes (Fraser et al., 1981,

1986). HA entering the liver binds to and is internalized by the sinusoidal endothelial cell

(Fraser, 1985; Smedsrod, 1984) by a receptor mediated process that involves receptor

recycling (McGary et al., 1989; Raja et al., 1988). Despite evidence suggesting that the

sinusoidal endothelial cell is the site of HA depolymerization, HA'ase has not been

associated with this cell either in vivo or in cultured cells. HA'ase has been demonstrated

in cultures of hepatoma cells (Delpech et al., 1987). Using polyclonal antiserum specific for

porcine hepatic HA'ase and the avidin biotin peroxidase reaction, the parenchymal cells of

the liver were identified as the major site of this enzyme, although intense staining of

occasional sinusoidal-lining cells were observed.

MATERIALS AND METHODS

Immunohistochemistry

An adult Yucatan mini pig was sacrificed by pentobarbital overdose. To remove as

much blood as possible from the organ, the inferior vena cava was transected and the

hepatic artery cannulated. The liver was then flushed with approximately 500 ml of normal

saline until the effluent was clear. A pea sized specimen of liver was snap frozen in liquid

nitrogen, embedded in OCT (Fisher Scientific, Springfield NY) and 7 um cryostat sections

placed on polylysine coated slides. Sections were air dried and stored at -20°C until use.

Sections were hydrated in PBS for 5 minutes and blocked with 1.5% normal goat

serum in PBS for 30 minutes. All incubations were performed in a humidified chamber at

-
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room temperature except as indicated. The primary antiserum in these experiments was

antiserum from rabbit 3 against porcine liver HA'ase (see Chapter 6). The antiserum was

diluted 1:3500 in PBS with 3% BSA. For controls, preimmune serum from this rabbit or

PBS with 3% BSA were utilized. The sections were incubated with primary antiserum for

16 hours at 4°C. Following this and all subsequent incubations, the slides were washed in 3

changes of PBS for a total of 5 minutes. Bound IgG was detected with a 1:200 dilution

biotinylated goat anti rabbit Ig (Vector Laboratories, Burlingame, CA) in PBS with 1.5% BSA

for 45 minutes. The biotinylated complex was reacted with the avidin biotin horseradish

peroxidase complex as directed (Vector Laboratories, Burlingame, CA). Diaminobenzadine

(DAB)(Sigma, St. Louis, MO) was utilized as a substrate for reaction with horseradish

peroxidase. The DAB solution was prepared by adding 5 mg of DAB to 10 ml of PBS.

Immediately prior to use, 6 ul of 30% hydrogen peroxide was added. The substrate

solution was applied and incubated in the dark for 1-5 minutes. Specimens were

counterstained with hematoxylin or methyl green, dehydrated, and mounted with Permount

(Fisher, Springfield, NJ).

The procedure was then modified for use in formalin-fixed paraffin embedded

tissue. Sections were deparaffinized and treated with 0.25% trypsin (UCSF tissue culture

facility) for 20 minutes at 37°C. A 1:1000 dilution of the primary antibody was utilized.

This was followed by a 3 minute incubation in 45% methanol with 1.5% hydrogen

peroxide. The remainder of the staining procedure was identical to that used with frozen

Sections.

Western Blots

Western immunoblots of separated liver cell extracts were also examined to
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establish the partition of HA'ase between stroma and parenchyma. Parenchymal and non

parencymal rat liver cells were kindly provided by Dr. Paul Weigel. The cells were

collected following collagenase perfusion and separated by differential centrifugation and

discontinuous Percoll gradients.

Cells extracts were diluted ten-fold in running gel buffer, and 20 Aul were place in

each lane. Extracts were separated on 12% polyacrylamide gels and proteins electroblotted

to nitrocellulose. The membranes were then incubated for 30 minutes in a 1:100 of

antiserum from rabbit 3. The remainder of the procedure was identical to the dot blot assay

(Chapter 6).

The presence of HA'ase in other tissues was also examined. Saline extracts of rat

organ homogenates were prepared. These extracts were then examined by Western Blot in

an identical fashion.

RESULTS

Figures 1A and 1B demonstrate the staining pattern in frozen sections of porcine

liver using the HA'ase antiserum. Staining is seen associated with the interlobular

connective tissue and the gland parenchyma. The fine architecture of the frozen sections

was disrupted by freeze artifact. This made localization difficult. We therefore modified

the staining procedure to be utilized in formalin fixed paraffin-embedded tissues. In these

sections, HA'ase was clearly localized to the parenchymal cells. However, some intense

staining of sinusoidal lining cells was also observed (figs 2A & 2B). When preimmune

serum was utilized at concentrations as high as 1:500, no staining was observed (fig 3).

This was also the case when serum was replaced with PBS with 3% BSA.

We sought to localize HA'ase in a non hepatic tissue. Paraffin embedded sections
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of human adult cornea were reacted for HA'ase in an identical fashion. The corneal

endothelium stained for this enzyme. No reaction was detected when preimmune serum

was used (Figs 4A & 4B).

Examination of liver stromal and parenchymal cell extracts by Western Blot

demonstrated a major band in the parenchymal extract, at approximately 55kDa (fig 5, lane

2), a band not present in the stromal extract (fig 5, lane 1). Additional bands occurred in

both the stromal and the parenchymal cell extract at higher molecular weights.

When the rat organ extracts were examined, comparable bands with similar

electrophoretic mobilities were observed in crude extracts of lung, liver, kidney and testis,

with an approximate size of 55 kDa (fig 6). Interestingly, the band from skeletal muscle

extracts had a mobility suggesting a 40-42 kDa protein. Higher molecular weight bands in

the 60 and 70 kDa range were also present in most extracts. These were the prominent

bands in cardiac and stomach extracts, presumably associated with cardiac muscle and

smooth muscle respectively.

DISCUSSION

This study demonstrates for the first time that HA'ase in the liver is localized

predominatly in the parenchymal cells of the liver, but that some staining can also be

detected in stromal cells, particularly the sinusoidal lining cells. Not all sinusoidal cells

stained with the antiserum, suggesting that the enzyme resides in a subpopulation of such

cells, either vascular endothelial-like cells, or macrophage-related Kupffer cells. The

specificity of the reaction is demonstrated by absence of staining with preimmune serum.

For these experiments, we initially chose to use frozen sections. Since the

preparation used to immunize rabbits was of active enzyme, we felt that the likelihood of
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antibody recognition of HA'ase would be greatest in frozen sections. We were concerned

that the poor fixation and altered histology observed with frozen section could make

interpretation difficult. This was true when interpreting the fine architecture and the

relationship between the sinusoidal spaces, sinusoidal endothelium and hepatocytes. We

therefore modified the procedure for use in formalin fixed tissue. In these sections, HA'ase

was seen primarily in the hepatocytes and sinusoidal lining cells.

We demonstrate here that the antiserum reacts with the corneal endothelium of the

adult human eye. This non vascular endothelium is responsible for corneal HA synthesis

during embryogenesis. At later stages of development, synthesis of HA shuts off and

corneal HA levels decrease. The finding of HA'ase in these cells of the adult eye raises the

possibility that they are in part responsible for this decrease.

The major protein species observed in Western Blots of the hepatocyte extract was

not present in the extract from stromal cells. However, the band observed in the stromal

extract, which was of slightly higher molecular size than the predominantly hepatocyte

band, was also present in the hepatocyte extract.

As discussed in Chapter 5, an internal amino acid sequence of the enzyme

preparation used to prepare the antiserum had homology with another liver protein,

hemopexin. This raised the possibility that hemopexin has HA'ase activity. Alternatively,

we may have inadvertently copurified hemopexin and the HA'ase in the mixture was

blocked to Edman sequencing, producing a single amino acid with each cycle of the Edman

reaction. It appears that the former is correct. Molecular cloning and expression of HA'ase

in a baculovirus vector reveal that hemopexin has HA'ase activity (Appendix 1, Zhu et al.,

1994).
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FIGURE LEGENDS

Figure 1

Cryostat section of porcine liver reacted for hyaluronidase using the avidin biotin

peroxidase technique. Seven um Sections were incubated with a 1:3500 dilution of

hyaluronidase antiserum. (A): 10 X magnification. Note intense reaction associated with

the intralobular connective tissue and liver parenchyma. (B): 40 X magnification. The fine

architecture in this frozen section is disrupted making localization difficult.

Figure 2.

Formalin-fixed paraffin-embedded section of porcine liver reacted for hyaluronidase

using the avidin biotin peroxidase technique. Sections were incubated with a 1:1000

dilution of hyaluronidase antiserum following trypsin pretreatment, 100 X magnification.

Hyaluronidase is localized to the hepatocytes. Occasional staining can be seen associated

with sinusoidal cells.

Figure 3.

Formalin-fixed paraffin-embedded section of porcine liver incubated with

preimmune serum (1:500) following trypsin pre-treatment and reacted using the avidin

biotin peroxidase technique. Note absence of staining of entire specimen.

Figure 4 A & B

(A) Formalin-fixed paraffin-embedded section of human adult cornea reacted for

º
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hyaluronidase. The enzyme is present in the corneal endothelium (closed arrow) and

absent in the basement membrane (open arrow) and corneal stroma (asterisk). (B) No

reaction is seen when preimmune serum is used.

Figure 5

Western Blots of extracts derived from isolated and separated rat liver cells using

antiserum against purified porcine hepatic hyaluronidase. Lane 1 contains stromal and

sinusoidal cell extract and lane 2, parenchymal cell extracts. Molecular weight markers are

indicated on the right.

Figure 6

Western blot analysis of saline extracts from a number of rat organs. The extracts

were reacted with antisurm against purified porcine hepatic hyaluronidase. The

predominant 55 kDa band is seen in each of the extracts except for the 40-42 kDa band

present in the seletal muscle extract, and the higher molecular weight bands present in

heart and smooth muscle extracts.
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Figure 5
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CHAPTER 8

| |C HYALURONIDASE INHIB

Control of enzymatic activity in vivo is in part modulated by an enzyme's synthesis

in an inactive precursor form and by the actions of the enzyme's inactivators. This is

particularly true of matrix degrading enzymes. The concerted actions of proteinases and

proteinase inhibitors has been the most studied and has been shown to play an important

role in the matrix remodelling that occurs in wound healing, embryogenesis and

tumorigenesis. By analogy, one may predict that enzymes capable of degrading the matrix

glycosaminoglycans are modulated in a similar fashion. Regulation of HA metabolism may

in part be due to a balance between HA'ase and HA'ase inhibitors. We document here the

presence of proteinaceous HA'ase inhibitors in fetal calf serum. Furthermore, non

proteinaceous inhibitors of this enzyme are also present. We suggest that this may be a

glycosaminoglycan such, as heparin or heparan sulfate.

HA'ase inhibitors may play an important role in wound healing, particularly in the

pattern of healing demonstrated by the fetus. Mid-gestational fetal wounds heal rapidly

without scar formation (Rowlatt, 1979; Crombleholme et al., 1988). In both adult and fetal

wound repair, HA is the first macromolecule deposited in the wound matrix following the

fibrin clot. As healing progresses, in the adult, HA is degraded following the appearance of

a wound HA'ase (Bertolami & Donoff, 1978). In the fetus however, HA is not degraded;

elevated levels are present in the wound matrix for a prolonged period (Longaker et al.,

1991; DePalma et al., 1989). One explanation for the absence of HA degradation in the

fetal wound matrix may be the presence and activities of HA'ase inhibitors. We show here

that adult and fetal wound fluids contain HA'ase inhibitors. Furthermore, the levels of
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inhibitory activity in the fetus rise during wound healing, which may be one mechanism

responsible for the elevated levels of HA in fetal wounds.

MATERIALS AND METHODS

Assay for Hyaluronidase Inhibitors

The ELISA-like assay for HA'ase inhibitors described in Chapter 2 was utilized.

Briefly, HA is adsorbed to microtiter plates. The HA is then exposed to a known activity of

HA'ase with or without an inhibitor. HA remaining following incubation with the enzyme

inhibitor mixture is measured with a biotinylated HA binding protein and the avidin-biotin

peroxidase technique. The percent inhibition is calculated as %l - 1 -[(Ams. - Aample) / (Ams.

- Amin)] where Ama, is the absorbance of wells not exposed to HA'ase, Amin is the absorbance

of wells exposed to HA'ase plus an equal volume of PBS (no inhibitor), and Aames is the

absorbance of wells exposed to HA'ase plus and equal volume of sample containing

inhibitor. Percent inhibition is thus determined from differences between the absence of

HA degradation, HA degradation produced by a known enzymatic activity, and the

degradation produced by a known enzyme activity when exposed to enzyme inhibitors.

Partial Purification of Hyaluronidase Inhibitor from Fetal Calf Serum

By gel filtration over a column of G-25, 50 ml of fetal calf serum of 120 days

gestation (HyClone, Ogdon, UT) was equilibrated into a buffer containing 0.1 M NaCl, 0.02

M sodium phosphate, pH 7.0. A 100 ml sample was then chromatographed on a column

containing a bed of 200 ml of Concanavalin-A (Pharmacia, Piscataway NJ). The flow rate

was 15 ml/hr. Adsorbed material was eluted with the same buffer containing 0.3 M alpha
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D-methyl manopyranoside. Fractions of 8 cc were collected and absorbance was measured

in each fraction at 280 nm. Serum proteins that passed through the column prior to elution

were pooled as Con A peak I. Those that eluted with a alpha-D-methyl mannopyranoside

were pooled as Con A peak II. Peak I and peak II were then assayed for HA'ase inhibitor by

ELISA.

To determine the approximate molecular size of the serum HA'ase inhibitor, 200 pul

aliquots of Con A peak || containing inhibitory activity were chromatographed over a

column of Superose 12 utilizing the FPLC system (Pharmacia, Piscataway, NJ). The column

was equilibrated with 0.1 M sodium formate, 0.15 M NaCl, pH 4.0 with or without 0.05%

Tween 20. At a flow rate of 0.5 ml/min, fractions of 0.5 ml were collected. Absorbance at

280 nm was measured continuously. The column was calibrated with gel filtration

molecular weight standards (Pharmacia, Piscataway, NJ). Each fractions was assayed by

ELISA for inhibitory activity.

The sensitivity of the serum HA'ase inhibitor to heat and protease digestion was

then examined. A 0.5 ml aliquot of the Superose 12 fraction containing HA'ase inhibitor

activity was digested by incubating with 250 ul of Pronase-agarose beads (Pierce, Rockford,

IL) for 2 hours at 37°C on an orbital shaker. Inhibitory activity was compared with a

similarly incubated sample in the absence of Pronase. An additional sample was heated to

90°C for 10 minutes to test heat stability.

Kinetics of Hyaluronidase Inhibition

The Reissig assay was utilized to determine the kinetics of HA'ase inhibition. This

assay was used because the HA concentrations could be easily manipulated. The Reissig

assay was performed as described in Chapter 2.

-*
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Hyaluronate Determination

We considered the possibility that endogenous serum HA may be acting as a

competitive inhibitor in this system. We therefore determined the HA concentration of all

the inhibitor preparations. HA levels were assayed using a *S-streptavidin HA-binding

protein assay described previously (Longaker et al., 1991). Briefly, a competition assay was

established such that HA in the sample and HA-Sepharose beads compete for binding on a

biotinylated binding protein. The HA-binding protein that bound HA-Sepharose is

separated by centrifugation. The protein bound to HA in the sample was then detected

with *S-streptavidin. The higher the sample HA levels, the higher the CPM detected in the

supernatant. CPM was compared to a standard curve using known concentrations of HA.

Hyaluronidase Inhibitor in Wound Fluids

HA'ase inhibitor levels in wound fluids from adult and fetal sheep were determined

as a function of time following wounding. Sterile stainless steel wire mesh wound cylinders

were prepared as described (Shilling, 1959). Four time-dated pregnant eves of 100 days

gestation (term = 145 days) underwent fetal surgery with subcutaneous implantation of a

wound cylinder in an axillary pocket as described (Longaker et al., 1991). At 1, 7, 14, and

21 days post implantation, ewes and fetuses were sacrificed and wound fluids withdrawn

percutaneously. One pregnant eve was sacrificed at each time point. Wound fluids were

assayed for HA'ase inhibitory activity against liver HA'ase by ELISA.

RESULTS

Fetal calf serum contains an activity that inhibits both Streptomyces and liver
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HA'ase. This activity is dose-dependent for both enzymes (fig 1). Serum HA'ase inhibitor

was partially purified by Concanavalin A chromatography. Figure 2 demonstrates the Con

A profile. Fractions 5-23 were pooled as Con A peak I. Protein that eluted with alpha-D-

methyl mannopyranoside was labeled Con A peak II. HA'ase inhibitory activity present in

FCS, Con A peaks I and II were then compared. Figure 3 demonstrates that when a 20 pil of

FCS is incubated with 80 ul 1x10° U/ml of Streptomyces HA'ase, 70% inhibition occurs.

Under identical conditions, Con A peak I inhibits 30% while peak II inhibits 70%.

Gel filtration chromatography of Con A peak Il reveals that the inhibitory activity

elutes with the void volume of the column, suggesting a molecular weight greater than

500,000 kDa (fig 4). To determine if this high molecular weight was due to complex

formation, the sample was brought to 0.05% Tween 20 and chromatographed in the same

buffer with Tween 20. The elution volume of the inhibitor did not change in the presence

of this detergent (fig 5). Interestingly, the percent inhibition increased in the presence of

detergent.

The HA'ase inhibitory activity in Con A peak Il was partially sensitive to protease

digestion. When an aliquot of this material was digested with pronase, inhibitory activity

decreased from 89% to 44% (fig 6). This suggests that much of the activity is protein in

nature. The inhibitory activity is partially heat labile; following heat exposure, activity

decreased from 95% to 61% (fig 7).

The high molecular weight of the HA'ase inhibitor and its partial resistance to

protease and heat suggested that the activity may be due to endogenous HA. We therefore

performed a HA determination on Con A peak II. The HA concentration of this material

was 940 ng/ml. We assayed the ability of up to 3000 ng/ml of HA to inhibit the enzyme.

At this concentration, inhibition of HA'ase was not detected, suggesting that endogenous
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HA in the preparations was not responsible for the enzyme's inhibition. However, other

glycosaminoglycans, particularly heparin, might be responsible for this inhibition.

Therefore, we tested the ability of heparin to inhibit both the Streptomyces and liver

enzymes. Figures 8A and 8B demonstrate a potent dose-dependent inhibition of

Streptomyces and liver HA'ase respectively by heparin.

Both adult and fetal wound fluids contain HA'ase inhibitors. Figure 9 shows

inhibitory activity of liver HA'ase in adult and fetal wound fluids at 1, 7, 14, and 21 days

post implantation. In the adult, inhibitor levels are highest at the early stages of wound

healing and decrease as healing progresses. In the fetus, this pattern is reversed; inhibitor

levels increase during wound healing.

DISCUSSION

An activity in serum that inhibits testicular HA'ase has been recognized for some

time (Hyman et al., 1955; Mathews & Dorfman, 1955). This activity was reported to be

increased in malignant disease (Kolarova, 1974; Fiszer-Szafarz, 1968) and acute rheumatic

fever, as well as other conditions involving infection or inflammation (Newman et al.,

1955), suggesting a role in the acute phase response.

The regulation of HA metabolism associated with a developing organ, healing

wound, or stroma of a tumor is a balance between its synthesis and degradation. The

degradation, in turn may be a balance between HA'ase and HA'ase inhibitors. We

demonstrate an activity in serum that inhibits hepatic HA'ase. With respect to

development, wound healing and tumorigenesis, inhibition of the hepatic form of this

enzyme is probably more relevant than that of the testicular enzyme. The testicular enzyme
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is the only known mammalian form of this enzyme that acts extracellularly, and is not likely

to play a role in these biologic processes.

The preparation of HA' inhibitor described here is not pure. It is likely that multiple

inhibitory molecules exist, some of which may inhibit other enzymes as well as HA'ase.

The high molecular weight raises the possibility that the inhibitor may be related to alpha;-

macroglobulin. This molecule inhibits most matrix degrading proteases (Barrett & Starky,

1973), and may act on HA'ase as well.

Partial resistance to proteolysis and heat inactivation suggest a role for

glycosaminoglycans. Indeed, the fraction of human serum that inhibited testicular HA'ase

contained glycosaminoglycans (Newman, et al., 1955). We demonstrate here that the

glycosaminoglycan heparin is a potent inhibitor of hepatic HA'ase and may be partially

responsible for the protease-resistant HA'ase inhibitors of serum.

Fetal wounds are rich in HA and this may be related to the ability of the fetus to heal

without scar. In the adult wound, HA is degraded by HA'ase present in granulation tissue

fibroblasts (Ruggiero et al., 1987). It is not known if the fetal wound contains similar

activity. However, we show here that fetal wound fluids contain HA'ase inhibitors and that

this activity increases following wound induction. The adult in contrast contains HA'ase

inhibitors that decrease as healing progresses. These differences in HA'ase inhibitor

activities between adult and fetal wound healing may explain the elevated levels of HA in

the fetal wound and the ability of the fetus to heal without scar formation.

J ºf

95





FIGURE LEGENDS

Figure 1.

Inhibition of liver and Streptomyces hyaluronidase. Two hundred pul aliquots of

these enzymes were incubated with an equal volume of dilutions of FCS. Percent

inhibition is determined as described in Materials and Methods.

Figure 2.

Concanavalin A chromatogram of 120 day FCS following gel filtration into 0.1 M

NaCl, 0.02 M sodium phosphate, pH 8.0. Fractions 5-23 were pooled (horizontal arrow) as

Con A peak I. Fractions 71-80 were pooled as Con A peak II.

Figure 3.

Hyaluronidase inhibitory activity of FCS, Con A peak I and peak II.

Figure 4.

Superose 12 chromatogram of Con A peak II. Two hundred pul of Con A peak Il was

run in formate buffer at a flow rate of 0.5 ml/min. 0.5 ml fractions were assayed for

hyaluronidase inhibitory activity by ELISA. The V. of the first protein peak corresponds to

the V, of the Superose 12 column. This represents a molecular weight greater than 500,000

kDa.

Figure 5.

Superose 12 chromatogram of Con A peak Il in the presence of 0.05% Tween 20.

Two hundred ul of Con A peak Il was run in formate buffer with 0.05% Tween 20 at a flow
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rate of 0.5 ml/min. Half ml fractions were assayed for hyaluronidase inhibitory activity by

ELISA.

Figure 6.

Protease sensitivity of hyaluronidase inhibitor in Con A peak II. An aliquot of Con A

peak II was exposed to Pronase-agarose beads, as described in Materials and Methods, and

assayed for inhibitory activity following digestion.

Figure 7.

Heat stability of hyaluronidase inhibitor in Con A peak II. One hundred pul of the

Con A peak Il fraction from fetal calf serum was heated to 90°C for 10 minutes or left

unheated. This was incubated for 1 hour at 37°C with 300 pul of partially purified liver

hyaluronidase (see Chapter 2). Hyaluronidase inhibitory activity was assayed by ELISA.

Figure 8A.

Lineweever-Burke plot of liver hyaluronidase with or without 0.1 mg/ml heparin.

Figure 8B.

Lineweever-Burke plot of Streptomyces hyaluronidase with or without 0.1 mg/ml

heparin.
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Figure 9.

Hyaluronidase inhibitors in adult and fetal wound fluids as a function of time.

Liver hyaluronidase was incubated with a 1:20 dilution of wound fluid and assayed for

hyaluronidase inhibitors by ELISA.
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CHAPTER 9

PURIFI |ON OF HUMAN SERUM HYALURONIDA

HA is now being recognized not only as a structural molecule whose enormous

volume opens up tissue spaces, but also as a molecule to which cells adhere in order to

migrate through the extracellular matrix. A number of proteins in the extracellular matrix

have the capacity to bind HA (Toole, 1990) either directly or indirectly (Yamagata et al.,

1989). Some of these, such as collagen, fibronectin, versican, and aggrecan presumably

function with HA in establishing the structural integrity of the matrix, while others may act

as growth factors or cytokines (Burd et al., 1989). In addition, binding to HA via cell surface

receptors results in an alteration in cell behavior (Turley et al., 1985; Turley et al., 1987).

This interaction between cell surface HA receptors and the actin cytoskeleton may be in

part the mechanism through which this is accomplished (Turley et al., 1990).

Despite the critical role of HA in many biologic processes, a thorough

understanding of the turnover of HA has proven difficult, in part because of difficulty in the

purification and characterization of HA'ase. This has been due to a number of factors.

First, the enzymic activity of HA'ase is considered unstable (Orkin, 1989). Second,

inhibitors of these enzymes exist in serum and tissue extracts (Mathews et al., 1952; Fiszer

Szafarz, 1986; Kolarova, 1975) and third, we gave lacked sensitive assays. The existence

of an activity in serum that depolymerize HA has been recognized for some time (Bonner &

Bollet, 1963). Depolymerization of HA was initially postulated to occur via an oxygen

dependent mechanism that involved a free-radical mechanism (Matsumura et al., 1966).

Indeed, recent studies suggest that this may be important in the degradation of HA in

arthritis and other inflammatory disorders (Weitz et al., 1988). However, the activity in
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serum was subsequently demonstrated to be protein in nature, and has a pH optimum of --

3.4 (DeSalegui & Pigman, 1967). Several attempts to purify this enzyme met with limited ■ º
-

success (DeSalegui & Pigman, 1967; Fenger, 1982; Fiszer-Szararz, 1984). Using the highly º
sensitive ELISA-like assay and ºne HA substrate gel procedure, we have partially purified º

- *- -

and characterized HA'ase from human serum. 2 -
• *.

MATERIALS AND METHODS

Serum Samples

Blood was drawn from healthy volunteers amoung the laboratory staff. Clotted

samples were centrifuged for 15 minutes at 4000 x g at 4°C. Serum was then removed and

dialyzed in Spectrapor-1 membranes (Spectrum, Los Angles, CA) against 20mM sodium

phosphate buffer, pH 7,8 (buffer A), at 4°C for 12 hours with three buffer changes. To

compare variability in HA'ase levels in serum between individuals, enzyme levels from º
three serum samples were diluted 1:20 in a buffer of 0.1 M sodium formate, 0.15 M sodium º
chloride, 0.1 mg/ml bovine serum albumin, pH 3.7 (formate buffer) and assayed by ELISA. -

2 -
S. e.

Chromatography -* -

Serum HA'ase was put fied in a two step procedure consisting of DEAE-cellulose º
and gel filtration on a Superose 12 column. Dialyzed serum samples (1.2 ml) were applied * /,

to a DEAE-cellulose (DE-52, \", natman Biosystems) column. The column (6 x 1 cm) was Dy
preequilibrated with buffer A at 4°C. Twelve ml of buffer A was then passed at a flow rate --

of 4.6 ml/h. Fractions of 0.8 mi were collected. A linear gradient was then applied from º
0.0 M to 0.75 M Sodium chloride in buffer A. The total volume of the gradient was 50 ml. -- re

---
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Absorbance at 280 nm was monitored in each fraction. An aliquot of each fraction was

diluted 1:10 in formate buffer and assayed for HA'ase activity by ELISA. Active fractions

were pooled and 0.5 ml aliquots stored at -20°C.

Following DEAE-cellulose chromatography, pooled active fractions were subject to

molecular sieve chromatography. The fast performance liquid chromatography (FPLC)

system (Pharmacia, Piscataway, NJ) with a Superose 12 column was utilized. The column

was preequilibrated at room temperature with 20mM sodium formate, 0.15 M sodium

chloride, pH 3.7. Two hundred ul aliquots of the pooled active DEAE fractions were

applied to the column. Half ml fractions were collected at a flow rate of 0.5 ml/min.

Absorbance was monitored continuously at 280 nm and every second fraction assayed for

HA'ase activity by ELISA.

For molecular size determination on the Superose 12 column, gel filtration

standards (Sigma, St. Louis, MO) were used and included blue dextran, thyroglobulin (669

kDa), apoferritin (440 kDa), beta amylase (200 kDa), alcohol dehydrogenase (150 kDa),

BSA (66 kDa), carbonic anhydrase (29 kDa), and cytochrome C (12.5 kDa).

Gel Electrophoresis

Sodium dodecylsulfate/polyacrylamide gel electrophoresis (SDS/PAGE) was

performed. 7.5% polyacrylamide gels were run according to the method of Laemmli, 1970.

Samples were analyzed under non reducing conditions or were reduced by boiling in 5%

2-mercaptoethanol (v/v).

Characterization of Serum Hyaluronidase

The HA'ases are know to exist in multiple isoforms and these can be distinguished
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º --
by substrate gel electrophoresis (Fiszer-Szafarz, 1984). We analyzed human serum samples ----

by substrate gel electrophoresis as described in Chapter 2. Alcian blue stains HA ■ º
impregnated in these gels light blue (Wardi & Michos, 1972; Turner & Cowman, 1985; º
Kruger & Schwartz 1987). HA'ase produces clear bands where HA has been degraded.

-- -

Double staining of selected gels with Coomassie blue permits simultaneous visualization of

major protein bands. These bands stain dark blue over the lighter color of the Alcian blue.

To determine the pH profile of the purified serum HA'ase, and compare it with that

of the testicular (Wyeth Laboratories, Philidelphia, PA), liver (see Chapter 4) and kidney (see

Chapter 10) forms of the enzyme, samples were placed in formate buffer at various pH's.

The pH's of the buffers were adjusted with formic acid, from pH 2.0 to 8.0. Enzyme activity

as a function of pH was assayed by ELISA.

Protein concentrations were measured using the BioFad protein assay kit with

bovine serum albumin as the standard. Samples were concentrated when necessary in

Centricon 10 concentrators (Amicon, Beverly, MA). z
7.

º
RESULTS *

2 -

º -

Serum Samples -* -

--

We assayed HA'ase activity in serum samples from three volunteers. Serum was vº

diluted in 1:20 in formate buffer and assayed by ELISA. Enzyme activity in these samples * / )

-

)was comparable (fig 1). /.

An enzyme assay is valid only if both dose- and time-dependence can be - *

established. Dose-dependence of the serum enzyme can be demonstrated when 0.75 to º º
7.5 pil of serum was diluted to 100 ul in formate buffer, and assayed for HA'ase activity by -

---
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ELISA. A 2.5 hour incubation was used. When 100 ul aliquots of 20-fold diluted enzyme

were incubated for increasing periods of time, proportionality was established between 15 ■ º
-

and 150 minutes. Two hour incubations were utilized in all subsequent experiments. a -

Chromatography

The chromatographic profile of serum on DEAE-cellulose is presented in Figure 2.

The activity appeared in the initial wash. Fraction 4–8 were pooled, as indicated by the

horizontal arrow.

Two hundred ul aliquots of pooled DEAE fractions 4-8 were then subjected to gel

filtration on a Superose 12 column and assayed for HA'ase activity by ELISA. Enzyme

activity was highest in fractions 34-39 (fig 3). These fractions were pooled, lyophilized and

stored at -20°C. The active fractions corresponded with a doublet of peaks of absorbance at

280 nm. ---

s * .

To determine the molecular size of serum HA'ase by gel filtration chromatography,
7--
7.

proteins of different molecular weight were run as standards. Figure 4 demonstrates the
tº a

void of elution of the doublet of HA'ase peaks and multiple standards. Using this *

technique, a molecular weight of 42kDa for the first protein peak, and 50 kDa for the 2 º'

second of the two peaks was calculated. º
-* -

-

º

Electrophoresis *//
–4

The Superose 12 fractions containing HA'ase activity were concentrated 20 fold in Dyn
Centricon concentrators (Amicon, Beverly MA) and then subjected to SDS/PAGE and --
substrate gel electrophoresis. SDS/PAGE produced a major band of 59 kDa and two very º sº

* *

minor bands of 100 and 200 kDa under non-reducing conditions. The same preparation - r--
111

tº
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reduced with 2-mercaptoethanol produced a more slowly migrating band of 72 kDa, as

well as a lower molecular weight band of 50 kDa. With both the reduced and non-reduced

Samples, when increasing concentrations were applied to the gels, no additional bands

appeared (fig 5). Substrate gel electrophoresis of whole serum and dilutions reveal two

distinct bands (fig 6). The same two bands were observed when the purified serum enzyme

was utilized. The dark bands stained with Coomassie blue near the bottom of the gel

correspond to serum albumin.

Purification Scheme

A tabulation of the two-step purification scheme for the human serum enzyme is

shown in Table 1. Starting with 1.2 ml of serum, 135 pug of purified protein was routinely

obtained. Total purification and yield could not be calculated because of the presence of a

potent inhibitor in the whole serum that was removed during the Superose 12

chromatographic step. This inhibitor is demonstrated by an apparent increase in total

activity in the Superose 12 fractions versus the DEAE purified material. Partial purification

and characterization of this serum HA'ase inhibitor is presented in Chapter 8.

pH Profile and Effects of Ions

HA'ases from vertebrate sources occur as either acid- or neutral-active enzymes. A

pH profile of the serum enzyme was performed in order to compare it with the bovine

testicular enzyme and with liver and kidney HA'ase activities. These were the two organs

in an organ survey of fetal calf tissue that contained the highest level of activity (see Chapter

3). Enzyme samples were placed in formate buffer at pHs ranging from 2.0 to 8.0. As seen

in Figure 7, the serum enzyme had a broad band of activity with a pH optimum of 3.7. The
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enzyme from purified porcine liver had a narrower range with a similar pH optimum. The

enzyme from a crude extract of porcine kidney had a slightly more acid pH optimum at 3.5.

The testicular enzyme, as expected, had activity in a more neutral range, with an apparent

optimum at pH 5.0.

The effect of NaCl concentrations on the enzyme is shown in Figure 8. Optimal

stimulation occurred at 130 mM, with a sharp decline noted at higher concentrations. It

may be of physiologic relevance that serum HA'ase is less active under hypertonic

conditions.

DISCUSSION

Regulation of HA metabolism is critical in developing tissues, wound healing and

the stroma of malignant tumors. It is likely that this regulation involves a balance between

HA synthesis (Decker, et al., 1989) and factors that modulate HA'ase levels.

The acid-active serum HA'ase described here is similar to that described in liver

(Aronson & Davidson, 1967; Gold, 1982; Joy et al., 1985; Stern & Stern, 1990), lung (Thet

et al., 1983), kidney (Belsky & Toole, 1983; Stern et al., 1991), placenta (Yamada et al.,

1977), brain (Polansky et al., 1973), skin (Cashman et al., 1969) and in vitro from wound

derived (Ruggiero et al., 1987) and embryonic fibroblasts (Orkin & Toole, 1980), as well as

macrophages (Goggins et al., 1968). All have acidic pH optima and are presumably of

lysosomal origin. Testicular HA'ase has a neutral pH optimum and is present in the

acrosome (Yang & Srivistava, 1975). Interestingly, the acrosome is presumed to be of

lysosomal origin. The HA'ase described in prokaryotes, (Abramson, 1967; Greiling et al.,

1975; Fitzgerald & Repesh, 1987; Hynes & Ferretti, 1989) in leech, (Yuki & Fishman, 1963;

Bedds et al., 1987), and in bee venom (Richman & Baer, 1980; Fiszer-Szafarz, 1984) are all
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neutral-active enzymes.

Measurement of serum HA'ase is of clinical significance. Marked increases occur

during pregnancy (Khoja, 1988) and in some patients with rheumatoid arthritis (Bonner &

Bollet, 1963). Elevated levels of urinary HA'ase may be a marker for Wilms' tumor (Stern et

al., 1991, see Chapter 10).

When assayed by ELISA, undiluted serum extracts had markedly decreased levels of

activity as compared to diluted Samples, presumably due to the presence of an inhibitor. A

portion of this inhibition activity could be overcome by mere dilution. In addition, it has

been our experience in assaying HA'ase activity in a biological extract that a range of

dilutions must first be tested in order to establish the range in which proportionality to

enzyme activity occurs.

Substrate gel procedures have been an important adjunct in the evaluation of

catabolic enzymes, particularly in the characterization of plasminogen (Huessen & Dowdle,

1980) and the metalloproteinases (Herron et al., 1986; Brown et al., 1990). One advantage

such zymographic techniques have is the ability to separate electrophoretically an enzyme

from its inhibitor when they are likely to occur together in the early stages of purification.

As reported here, the substrate gel assay for HA'ase has identified two isoforms of this

enzyme in human serum.
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FIGURE LEGENDS

Figure 1.

Hyaluronidase activity in the serum of three volunteers. Serum samples were

diluted 1:20 in formate buffer and assayed for hyaluronidase activity by ELISA. Relative

activity is the absorbance of control wells not exposed to hyaluronidase minus the

absorbance of wells exposed to samples containing this enzyme.

Figure 2.

Elution profile of serum on a DEAE-cellulose column. A column, 6 x 1 cm i.d., was

preequilibrated at 4°C with 20 mM sodium phosphate buffer at pH 7.8 and 1.2 ml of

dialyzed human serum was applied. Fractions of 0.8 ml were collected with a flow rate of

4.6 ml/h. A linear gradient of NaCl was applied, from 0.0 to 0.75 M in the same buffer, in a

total volume of 50 ml. Protein concentration at Azsonm ( ) and enzymatic activity ( ) were

monitored. The horizontal arrow indicates the fractions (4–8) that were pooled.

Figure 3.

Elution profile of 200 pul taken from DEAE fractions 4–8 (see Figure 4) on a gel

filtration column of Superose 12. The column was preequilibrated at room temperature

with 20mM sodium formate, 0.15 M NaCl, pH 3.7. Fractions of 0.5 ml were collected at a

flow rate of 0.5 ml/min. Protein concentration at A2soam ( ) and enzymatic activity ( ) were

monitored.

º º
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Figure 4.

Determination of relative molecular weight of serum hyaluronidase using the

elution positions from the FPLC Superose 12 column. V. /V, was plotted against logo of

the molecular weight of the following standards: thyroglobulin, apoferritin, beta amylase,

alcohol dehydrogenase, bovine serum albumin, carbonic anhydrase, and cytochrome C.

Using this technique, a size of 42 kDA for the first protein peak and 50 kDa for the second

and larger peak was calculated.

Figure 5.

SDS/PAGE of purified serum hyaluronidase, using 7.5% polyacrylamide and 1%

SDS, and stained with Coomassie blue. High range molecular weight standards (Sigma, St

Louis MO) are shown in lanes 1 and 4. The purified enzyme from pooled Superose 12

fractions 34–39 was concentrated and applied to the gel (lane 2). An identical sample,

reduced by boiling for 5 min with 5% (v/v) 2-mercaptoethanol is shown in lane 3.

Figure 6.

Hyaluronate substrate gel procedure for hyaluronidase activity. One ul of whole

human serum was applied to the gel in the first lane. Serial dilutions were applied to lanes

2 through 4. The 7.5% polyacrylamide gel contained 0.17 mg/ml of hyaluronate added

prior to the polymerization in the absence of SDS. The gel was then incubated in sodium

formate buffer, pH 3.7 for 16 hours at 37°C. It was stained with Alcian blue, destained,

stained with Coomassie blue and again destained.
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Figure 7. -
Comparison of profiles of pH optima of several vertebrate hyaluroidases: Porcine ■ º

-

kidney ( ), porcine liver ( ), human serum ( ), and bovine testicular ( ). The enzyme 7", 1/

preparations were diluted to 100 ul in formate buffer at the indicated pH's and assayed for º
activity by ELISA. -----

2 -
> *

Figure 8.

Serum hyaluronidase activity as a function of NaCl concentration. Serum was

diluted 1:20 in 0.1 M sodium formate, 0.1 mg/ml BSA with the indicated NaCl

concentrations at pH 3.7.
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TABLE
I

PurificationSchemeforSerumHyaluronidase
º

VolumeProteinProteinTotalactivitySpecificactivity

1
ml)(totalmg!

concentration
(U)(U/mg)

Startingmaterial1.2103.2860.960.009 (serum
I

(Ing/ml) DEAE-cellulose
4.020.45.201.200.059

(mg/ml)

FPLC-Superose
1264.00.1442.257.6853.3

(ug/ml)
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CHAPTER 10

HYALURONIDASE LEVELS IN URINE FROM WILMS' IUMOR PATIENIS

An interesting clinical observation was made during the course of experiments

described in this thesis. Wilms' tumor (nephroblastoma) is the most common pediatric

renal malignancy, with an incidence in children of seven per million. Approximately 350

cases occur per year in the United States (Young & Miller, 1975). The tumor is thought to

arise from a rest of fetal kidney that undergoes malignant transformation. Wilms' tumor

may contain all three components of the fetal kidney: stromal, blastemal, and epithelial

elements. Histologically, however, only one and occasionally two of the three cell types

predominate in any one tumor.

Many patients with Wilms' tumor have high levels of HA in their serum and urine

(Morse, 1967; Powers, 1972; Wu, 1984), an association that heretofore has been regarded

as a clinical curiosity. The pathophysiology of this association has recently been elucidated.

Our laboratory has isolated an HA-stimulating activity (HASA) from bovine serum (Decker

et al., 1989). We sought to identify the fetal organ source of this circulating activity in order

to construct a cDNA library. We observed that the fetal kidney is the source of this activity.

(Stair et al., manuscript in preparation). In addition, an HASA-like activity has been

detected in the serum and urine from each of three Wilms' tumor patients which fell rapidly

to normal after surgical removal of the tumor (Longaker et al., 1990).

We now describe elevated levels of HA'ase in the urine of five patients with Wilms'

tumor. After surgical excision of the tumor, the levels of enzyme activity decreased towards

the normal range. We propose that the elevated levels of the HA'ase in the urine of Wilms'

tumor patient may be the result of production of the enzyme by the tumor. Alternatively,
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normal renal tissue may produce elevated levels in a compensatory response to the high

levels of circulating HA. This may explain why only 60-70% of Wilms' tumor patent have

elevated HA in their circulation: HA may have been degraded by the HA'ase before it

could be detected. The enzyme may provide an additional marker for Wilms' tumors and a

useful mechanism for following the clinical course of that malignancy.

MATERIALS AND METHODS

Clinical Material

Five successive patients with primary Wilms' tumor admitted to the Pediatric

Surgical Service at the University of California at San Francisco Medical Center were

evaluated (table 1). Urine specimens were collected preoperatively and between one and

four weeks postoperatively as clean-catch samples. Urine specimens from four healthy age

matched children were obtained as controls. All samples were stored frozen at -20°C until

aSSayed.

ELISA for Hyaluronidase Activity

Urine samples were diluted 1:2 in formate buffer containing 0.1 M sodium formate,

0.15 M NaCl, pH 3.5, and 100 pil aliquots were assayed for hyaluronidase activity by

ELISA. Dose-dependency of the urine enzyme was established by assaying serial dilutions

of a preoperative sample of Wilms' tumor urine prepared in formate buffer, pH 3.5.

Relative HA'ase activity was expressed as the difference between maximum absorbance (no

HA'ase) and absorbance after exposure to the sample, a measure of HA remaining after

:
3
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HA'ase digestion. All Samples were assayed in triplicate. Error bars represent the standard

deviation of the three tests.

Hyaluronate Levels in Wilms' Tumor Urine

Pre and postoperative urines from patients and controls were assayed for HA using a *S-

streptavidin HA-binding protein assay described previously (Longaker et al., 1991).

Partial Purification of Kidney Hyaluronidase

A 150 g wedge of fresh-frozen adult pig kidney (Pel Freeze, Rogers, AR), including

cortex and medulla, was homogenized in 500 cc of ice cold distilled water with 0.1%

Triton X-100 (Sigma, St Louis, MO). The homogenate was extracted overnight at 4°C and

centrifuged at 16,000 g for 30 minutes. The supernatant was adjusted to pH 3.5 with 1 N

HCl and incubated on ice for 1 hour. The precipitate was removed by centrifugation as

before and adjusted to pH 6.8 with 1 N NaOH and again centrifuged. The resulting 325 cc

of supernatant was chromatographed without dialysis on a column of Whatman DE-52, 25

cm x 1 cm inner diameter, that was preequilibrated with 10 mM sodium phosphate buffer,

pH 8.0. At a flow rate of 15 cc/hour, material was eluted from the column with a linear

gradient of sodium phosphate buffer from 10 mM, pH 8.0, to 0.2 M, pH 7.5 Fractions of

7.5 cc were collected and 100 ul aliquots assayed for HA'ase activity.

Characterization of Hyaluronidase from Kidney, Liver, Wilms' Tumor Urine and Wilms'

Tumor Tissue.

Preoperative urine samples from patients with Wilms' tumor and the partially

purified adult porcine kidney HA'ase were compared with respect to pH optimum.

:
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Aliouots of each were diluted 1:20 in formate buffer at pH 2.5, 3, 3.5, 4, 5, and 7, and

assayed in 100 pull aliquots for HA'ase activity. Adult porcine liver HA'ase was purified as

described in Chapter 4 and diluted in an identical fashion. HA'ase activity in a single

Wilms' tumor specimen was homogenized as described and the supernatant was diluted

1:2 in formate buffer at the various pHs.

RESULTS

Five patients with Wilms' tumor and four healthy children were examined.

Preoperatively, all of the patients had urine with markedly elevated levels of HA'ase

activity, compared with that of the four healthy controls. Postoperatively, activity fell

dramatically, towards normal levels observed in the control children (fig 1A).

We theorize that the high levels of HA'ase in these patients are the result of a tumor

produced HA'ase or might be a compensatory response of the normal kidney to the

increased levels of circulating HA. The levels of HA in the urine were examined in patients

pre and postoperatively and in controls (fig 1B). Preoperatively, two of five patients had

elevated urine HA levels that fell postoperatively. The remaining three patients had low

preoperative HA levels.

We performed a bovine fetal organ survey to determine whether the fetal kidney

was able to produce such an enzyme. An extract of fetal kidney contained a high level of

this enzyme, second in level only to the liver extract (fig 2A). However, the HA'ase activity

of the Wilms' tumor specimen was higher than any of the fetal organs.

We determined the activity profiles of the porcine kidney and liver enzymes as a

function of pH, and compared them with that found in Wilms' tumor urine and Wilms'

tumor extract. Porcine kidney and liver HA'ases were partially purified by DEAE-cellulose

:
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ion exchange chromatography. The enzymes eluted from DEAE-cellulose in similar

positions at low ionic strength (Chapter 4). The activity curves revealed that the Wilms'

tumor extract had a pH optimum of 3.8, the Wilms' tumor urine enzyme and the partially

purified kidney enzyme had a broad peak of pH-dependent activity with an optimum at pH

3.5 (fig 2B). This was in contrast to the liver enzyme, which had a relatively narrow band of

activity with an optimum at pH 4.0 (fig 2C). The Wilms' tumor and kidney enzyme profiles

were similar to each other and distinct from the liver enzyme profile.

DISCUSSION

In this study, elevated levels of urinary HA'ase were found in five patients with

Wilms' tumor. After removal of the tumor, levels decreased towards the normal range. This

previously unreported increase in HA'ase adds to the complex picture of HA metabolism in

Wilms' tumor patients. As shown previously (Longaker et al., 1990), Wilms' tumor

produces an HA-stimulating activity (HASA). In vivo, HASA produced by the Wilms' tumor

may be acting in both an autocrine and a paracrine fashion on the local stromal cells. This

may be the mechanism responsible for the elevated levels of serum and urine HA in many

Wilms' tumor patients (Morse, 1967; Powers, 1972; Wu, 1984). Elevated levels of HA'ase

may also explain why not all patients show elevated hyaluronate levels (Cooper, 1988); HA

may have been degraded by HA'ase before it could be detected.

HA metabolism is a complex relationship between its synthesis and the activities of

HA'ase and the poorly characterized HA'ase inhibitors. Two of the five Wilms' tumor

patients had elevated urine HA levels that f

:
3

131



that exposure of oligodendroglioma cells or fibroblasts to HA'ase results in a paradoxical

increase in HA production (Philipson, 1985; Larnier, 1989). A similar situation may exist in

patients with Wilms' tumor.

We postulate that the elevated HA'ase is a compensatory response by the peritumor

renal tissue to the elevated HA levels. In support of this hypothesis is the finding that

normal adult kidney is a source of HA'ase (Bentsen, 1986; Bollet, 1963). Furthermore, in a

survey of fetal bovine tissues, we found HA'ases in liver, kidney and spleen. The presence

of HA'ase in the tumor itself suggests that it may as well contribute to the high levels of this

enzyme found in patient urine. Enzymes from various sources can occasionally be

distinguished from one another on the basis of their pH optima. We applied this method to

porcine kidney and liver HA'ase and Wilms' tumor extract and urine in an effort to clarify

the probable source of the urinary enzyme. The kidney and urinary enzymes were both

most active at pH 3.5 whereas the enzyme found in liver was most active at pH 4.0.

Testicular HA'ase has a reported pH optimum of 5.0 (DeSalegui, 1967). The activity in

Wilms' tumor extract and urine thus had pH profiles similar to that of the activity in pig

kidney, and distinct from that in pig liver. This indirectly suggests that the Wilms' tumor

urine enzyme may be both of renal and/or tumor origin. Despite similar pH peaks of the

urine, tumor and kidney enzymes, the Wilms' tumor urine enzyme retains partial activity at

pH 7.0. This raises the possibility that it acts extracellularly. With the exception of

testicular HA'ase, mammalian enzymes active at this high pH have not been described.

Although the liver is the primary organ responsible for the degradation of circulating HA

(Fraser 1981, 1983), the urinary HA'ase is unlikely to be of hepatic origin, although further

experiments are necessary to establish this unequivocally.

HA metabolism may be intimately associated with tumorigenesis (Decker, 1989;
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Kimata, 1983, Ullrich, 1983; Knudson, 1984; Turley, 1985; Dahl, 1989). High levels of HA

are associated with aggressiveness of some tumors (Dahl, 1989). Furthermore, low

molecular weight HA oligosaccharides has potent angiogenic properties (West, 1985; West,

1989). This finding may be significant in that the urine of some patients with urologic

cancers is known to be highly angiogenic (Shahbuddin, 1984; Chodak, 1981). We predict

that the urine from these patients also have elevated levels of HA'ase and that this enzyme

may be responsible for the production of low molecular weight HA fragments.

Kumar and West, 1989, have detected both high and low molecular weight HA in

the serum of children with Wilms' tumor. In contrast, children with another pediatric renal

malignancy, the bone-metastasizing renal tumor of childhood, have only low molecular

weight HA. This suggests that patients with this bone metastasizing tumor will have high

levels of urinary as well as serum HA'ase. The urine from these patients may also be highly

angiogenic.

Screening of urine for HA'ase may be a useful marker for Wilms' tumor. Children

with Wilms' tumor may also have elevated serum HA'ase levels, but we were unable to

obtain serum from healthy age-matched children to make this determination. Use of urine

to screen for Wilms' tumor may be generally a more convenient procedure.
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FIGURE LEGENDS

Figure 1A

Relative hyaluronidase activity in the urine of five patients with Wilms' tumor

before and after surgery, and in urine from four age-matched control subjects. Urine was

diluted 1:20 in sodium formate buffer, pH 3.5, and 100 pull aliquots were placed in the

standard reaction mixture in the microtiter wells and assayed as described in Materials and

Methods. Postoperative samples were collected between one and four weeks

postoperatively.

Figure 1B

Urine HA levels of five patients with Wilms tumor before and after surgery, and

urine from four age-matched control subjects. HA levels were determined as described in

Materials and Methods.

Figure 2A.

Survey of fetal bovine organ and Wilms' tumor extracts for HA'ase activity. One

volume of water was added to each tissue (liver, kidney, spleen, heart, lung, adrenal,

thymus and Wilms' tumor). After homogenization and centrifugation, the resulting

supernatant was diluted 1:2 in sodium formate buffer, pH 3.5, and 100 ul aliquots were

assayed for HA'ase activity.

Figure 2B

Relative HA'ase activity of partially purified adult porcine kidney, Wilms' tumor

urine, and Wilms' tumor extract as a function of pH.
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Chapter 11

| LOGY AND ROLE OF HYALURON] |D IN FET FT LIP REPAI

Wound repair in the fetus is fundamentally different from that which occurs

postnatally. Mid-gestational fetal wounds heal by mesenchymal proliferation without scar

formation or inflammatory cell infiltration (Rowlatt, 1979; Crombleholme, 1988). The

absence of scar formation by the fetus could potentially be useful in the intrauterine repair

of craniofacial anomalies or correction of other defects. Alternatively, manipulation of

postnatal wounds to make them more "fetal-like" might eliminate the restrictive forces of

scar tissue on facial growth.

Cleft lip/palate is the most common congenital craniofacial anomaly. Postnatal

surgical repair of this defect produces excellent functional and aesthetic results. However, it

is well known that surgically induced scar formation results in growth retardation,

secondary midface retrusion and maxillary hypoplasia (Ross, 1987). We postulate that a

cleft lip repaired in utero will heal without inflammation or scar formation and that normal

maxillary growth will occur. We have previously developed a model for cleft lip repair in

the fetal rabbit (Longaker, 1990). We now describe the histology and role of HA in this

healing fetal cleft model.

MATERIALS AND METHODS

The technique for fetal cleft lip repair in the rabbit has been described elsewhere

(Longaker 1990). Briefly, time-dated pregnant New Zealand white rabbits, of 24 days

gestation (term = 31 days), were sedated with acepromazine maleate (TechAmerica Group,

Inc., Elwood, KS). General anesthesia (0.5% halothane/O.) was maintained by mask and a
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Sterile midline laparotomy was made to expose the bicornuate uterus. A fetal head was

exposed by hysterotomy on one side of the uterus. With the aid of 6X loupe magnification,

a 1-mm-wide parasagittal Section of the fetal lip and anterior alveolus was excised,

producing a complete oronasal cleft. The fetus was placed back into the uterus, amniotic

fluid replaced with warm saline, and the purse string hysterotomy closed. On the

contralateral side of the uterus, in a second fetus, an oronasal cleft was created in an

identical fashion. In this case, the cleft was repaired with two 10-0 interrupted Vicry!”

sutures through skin, muscle and mucosa. Control fetuses were exposed in an identical

fashion and returned to the uterus without creating a cleft.

At 24,48 and 96 hours after wounding, the does were again sedated and

anesthetized. The laparotomy was reopened and the fetuses were exposed and sacrificed

by pentobarbital overdose. The fetal naso-maxillary complex was sectioned from the face

and fixed in 10% buffered formalin. One fetus with a repaired cleft was not sacrificed and

was later delivered spontaneously. Six months after birth this rabbit was killed and the lip

and anterior maxillary alveolus were fixed in formalin and processed. All specimens were

embedded in plastic and consecutive serial horizontal sections made. Alternate sections

were stained with hematoxylin and eosin for routine microscopy. The remaining sections

were tested for the presence and location of HA. This procedure makes use of a high

affinity HA-binding protein derived from trypsin-digested bovine nasal cartilage that had

been isolated by HA-Sepharose affinity chromatography (Tengblad, 1979). The binding

protein was biotinylated (Vector Labs, Burlingame, CA) and then diluted with glycerol 1:1

and stored at -20C until needed. Sections were incubated with the HA-binding protein

(1:100) and HA was demonstrated with the avidin-biotin-peroxidase procedure (Ripellino,

1985). The complex was reacted with diaminobenzidine (Sigma Chemical Co, St. Louis,
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MO), which formed a brown precipitate in areas containing HA. Specificity of the reaction

was demonstrated by the following controls: omitting the HA-binding protein, pretreating

the sections with Streptomyces HA'ase, and preincubating the HA-binding protein with

excess HA to tie up all available HA-binding sites prior to exposure to the specimen.

RESULTS

Four fetuses each in the control, repaired and unrepaired groups were examined at

each time point to obtain representative histologic appearances.

Histologic Findings

Histologic examination of the H&E stained specimens obtained 24 hours after

operation revealed a striking absence of acute inflammatory cells. This was true of both the

repaired and the unrepaired clefts (figs 1 A, B & C). The clefts remained open and contained

variable amounts of extravasated erythrocytes and fibrin clot. In the repaired cleft, the

wound tensile strength was minimal and led to artifactual rupture during the processing.

This was true even when sutures were left in place prior to sectioning. In both the

unrepaired and repaired clefts, the connective tissue at the margins of the wound consisted

of a loose matrix of thin collagenous fibrils, stellate-shaped mesenchymal cells and

occasional spindle-shaped fibroblastic cells. Mitotic figures were infrequently seen.

The histologic appearance of sham-operated control animals, 24 hours after

operation was identical to that of the operated animals except for the absence of the cleft

(fig 2).

At 48 hours, both repaired and unrepaired clefts had no evidence of inflammatory

cell infiltrate. In unrepaired clefts, the defect remained open; clot formation was evident in
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Some specimens. Erythrocytes at this time appeared to be confined within vascular spaces.

In repaired clefts, the skin and mucosal margins were almost completely epithelialized.

At 96 hours postoperatively, the fetal head was notably larger, with a more

differentiated appearing connective tissue. In both unrepaired and repaired clefts, there

were mesenchymal cells within the cleft in the connective tissue layer, although the cells

were less dense than in adjacent unwounded tissue. In the unrepaired cleft, the defect

remained open, frequently with an adherent clot. A thin band of transected muscle could

frequently be seen. In the repaired cleft, regenerating muscle cells were present bridging

the defect in both longitudinal and cross section. However, regeneration of muscle across

the cleft was not complete. The repaired cleft in most fetuses was fully epithelialized.

Neither unrepaired nor repaired clefts showed any scar formation (figs 3A, B & C). We

defined scar formation histologically as dense bundles of disorganized collagen fibers.

One rabbit with a repaired cleft was sacrificed at age six months. A specimen from

the lip of this animal showed a small epithelial depression and complete regeneration of

muscle across the wound. The connective tissue collagen was of normal density and

orientation. Regeneration of epithelial appendages could also be seen. (fig 4A & B)

Hyaluronic Acid Deposition

HA deposition results were evaluated and compared between specimens

subjectively for staining intensity and localization. In experimental sections reacted with

the highly specific HA-binding protein, less HA binding with the HA probe was observed in

the unrepaired cleft wound than in adjacent unwounded tissue (fig 5A). This was true at

both 24 and 96 hours. However, in the repaired cleft wound, no difference in HA with

respect to intensity and localization, could be observed between the wound site and
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adjacent normal tissue (fig 5B). This pattern of HA deposition was the same in 24 and 96

hour repaired clefts. When the intensity of HA deposition in the entire connective tissue

was compared between the unrepaired and repaired clefts, less overall HA deposition was

noted in the repaired cleft (fig 5A & B).

Specificity of the reaction was demonstrated by lack of HA staining in sections that

were pretreated with HA'ase, in sections where the HA-binding protein was omitted, and in

sections treated with an HA-binding protein that had been preincubated with excess HA in

order to occupy all available HA-binding sites on the HA-binding protein (fig 6).

DISCUSSION

In both experimental and human clinical studies, it has been demonstrated that

maxillary growth inhibition is associated with repair of cleft lip. Bardach demonstrated that

increasing the extent of dissection results in increased lip pressure and inhibition of growth

(Bardach 1988a-c). The classical explanation for this phenomenon is that multiple

operations result in scar that limits growth of the naso-maxillary complex. We hypothesized

that a cleft lip repaired in utero would heal without scar, and therefore maxillary growth

inhibition would not occur.

In this study we have shown that following the fetal cleft lip procedure, healing

occurred without histologic evidence of inflammation or deposition of dense bundles of

disorganized collagen (scar). This absence of scarring correlates with the absence of growth

inhibition also reported by this laboratory (Kaban, et al., 1993). Furthermore, we have

documented here that by 6 months of age, there is muscle regeneration across the cleft as

well as regeneration of skin appendages. Both of these studies suggest that a cleft lip

repaired in utero heals without scar, and results in improved growth, when compared to
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postnatal repair. There are, however, potential differences in fetal wound healing between

rabbits and higher animals including man. To assess these differences, studies on fetal

wound healing must be performed on non-human primates before we can extrapolate the

results to the human. We contend that although wound healing may be different, the

deformity created is indeed human-like. An oronasal fistula is created in the rabbit with a

growth deformity analogous to that seen in man.

Cleft lip is a nonfatal anomaly and safe, successful postnatal repair is readily

available. For this reason, fetal cleft lip repair will become possible in humans only if the

safety and efficacy of the procedure are demonstrated in experimental animals. On the

other hand, understanding the biochemistry of fetal wound healing may make it possible to

manipulate the adult wound healing process so that it becomes more "fetal-like".

In both the fetal rabbit and sheep wound models, HA levels are elevated throughout

the course of wound healing (Krummel, 1987; DePalma, 1989; Longaker et al., 1991). This

is in contrast to the transient elevation of HA in postnatal wound healing. The decrease in

HA levels in the postnatal wound corresponds to the appearance of a wound HA'ase

(Bertolami, 1987). These studies on HA levels in fetal wound healing indicate that a

prolonged elevation of HA in fetal wounds is one of the features that distinguish fetal from

postnatal wound repair.

The fetal cleft lip wound is too small to study biochemically therefore we used an

HA-binding protein to investigate the pattern of HA deposition in fetal cleft lip repair. The

pattern of HA-binding in the region of the unrepaired cleft is similar to what we have

observed in other fetal wounds (Schmidt, 1990). We postulate that this decreased binding

by the probe is due to the presence of other HA-binding proteins in the matrix. Numerous

proteins have been shown to bind HA, including fibrinogen, fibrin, fibronectin and
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consen All of these molecules are crucial in wound healing and are present in the fetal

wound matrix. These proteins and others may mask the binding site for the biotinylated

HA-binding protein. HA is therefore present but not "visible" to the probe. In support of

this hypothesis is the finding that when hyaluronate levels in tissue homongenates are

assayed using a similar biotinylated HA-binding protein, levels rise three-fold after the

Samples are protease digested (Fosang, 1990). This suggests that other proteins interact with

HA and make it less visible to HA-binding probes. In light of these observations, we have

attempted to treat the microscopic sections with various proteases to release these

physiologic binding proteins from HA in order to make it available for binding with our

biotinylated probe. We were unsuccessful in these attempts. Protease treatment of our

microscopic sections resulted in digestion of structural proteins and loss of tissue

architecture. We predict that if we were able to dissect out the cleft wound, homogenize it

and assay for HA after protease digestion, HA levels in the wound would be higher than in

unwounded tissue. Unfortunately, the amount of tissue in a fetal cleft wound is too small to

do this.

In this study of rabbit fetal cleft lip repair in mid-third trimester rabbits, we have

demonstrated a lack of inflammatory infiltrate and lack of dense bundles of disorganized

collagen (scar) formation in both repaired and unrepaired clefts. It appears that fetal wound

healing in general occurs without inflammation and scar. However, this area of

investigation is in its early stages of development. Indeed, it appears that not all fetal

wounds heal without scar. Gestational age, species and the type of wound are all factors.

In sheep mid-third trimester corresponds to the time of conversion from fetal to postnatal

wound healing (Longaker, 1990). This may also be true in rabbits. We therefore

hypothesize that regeneration would be more complete in a mid-second trimester cleft lip
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model. Unfortunately, such a model would be impractical in rabbits because of their small --

size, tissue friability and the high abortion rate at that gestational age (Kaban, 1988). In * >
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future studies, a fetal lamb model will be used to explore wound healing and facial growth ■ º A* :
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Figure Legends

Figure 1A.

Photomicrograph of an unrepaired fetal cleft lip 24 hours postoperatively, H&E,

20X. Note: Oronasal cleft with tissue disruption and fibrin clot formation (arrow).

Figure 1B.

Histology of fetal cleft lip 24 hours after surgical repair, H&E, 10X. Epithelial edges

were approximated prior to processing. This artifact occurred even when sutures were left

in place (arrow).

Figure 1C.

Repaired fetal cleft 24 hours postoperatively, H&E, 100X. Note: extravasated blood

and absence of acute inflammatory cells.

Figure 2.

Histology of sham-operated control, 24 hours postoperatively, H&E, 10X. Note:

Appearance of control is identical to that of the operated animal with the exception of a

cleft.

Figure 3A.

Photomicrograph of an unrepaired fetal cleft lip 96 hours postoperatively, H&E,

40X. A fibrin clot is seen overlying the regenerating epithelium. A thin band of transected

muscle can be seen in the connective tissue (closed arrow). Mesenchymal cells are present

within the cleft (open arrow); however, regeneration of the muscle in incomplete.
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Figure 3B.

Repaired fetal cleft lip 96 hours postoperatively, H&E, 40X. Regenerating muscle

cells can be seen both in longitudinal (closed arrow) and cross section (open arrow). The

site of the repair is identified by the asterisk.

Figure 3C.

Repaired fetal cleft lip 96 hours after repair, H&E, 100X. Section exhibits immature

muscle cells (closed arrow), absence of acute inflammation and scar formation.

Erythrocytes are now confined to vascular spaces (open arrow).

Figure 4A.

Repaired fetal cleft lip six months after birth, H&E, 10X. Note: epithelial depression

(arrow).

Figure 4B.

Repaired fetal cleft lip six months after birth, H&E, 40X. Note: regeneration of

muscle (open arrow), and Sebaceous gland (closed arrow) and absence of disorganized

bundles of collagen fibers (scar).

Figure 5A.

Ninety six hour unrepaired fetal cleft lip reacted for hyaluronate using the avidin

biotin-peroxidase technique, 20X. Darker staining in the subepithelial connective tissue,

nasal septum and maxilla indicate accumulations of hyaluronate (small arrows). Note: The

area of the cleft is filled with tissue devoid of hyaluronate staining (large arrow). This
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pattern is similar to that observed in the 24 hour unrepaired cleft lip.

Figure 5B.

Ninety six hour repaired fetal cleft lip reacted for hyaluronic acid, 20X. Note:

Overall intensity of hyaluronate staining is less than in the unrepaired cleft; however, a

more uniform distribution of hyaluronate throughout the subepithelial connective tissue is

noted including the area of the repaired cleft (arrow). This pattern is similar to that

observed in the 24 hour repaired cleft lip.

Figure 6.

Ninety six hour unrepaired fetal cleft lip section pretreated with Streptomyces

hyaluronidase, followed by exposure to the hyaluronate-binding protein. Note: No

detectable hyaluronate staining indicating specificity of reaction. Compare absence of

hyaluronate staining in septal cartilage after hyaluronidase treatment with same area

exhibiting intense staining in experimental sections (fig 5A & B). Sections that had the

hyaluronate-binding protein incubation omitted were also negative as were sections that

were incubated with hyaluronate-binding protein that was preincubated with excess

hyaluronate.
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Appendix 1

MOL R NIN F PORCINE HEPATIC HY N

HA'ases have been isolated or cloned from honeybee venom (Gmachl, 1992), from a

streptococcal bacteriophage (Hynes, 1989) and from Steptomyces hyaluronilyticus (Ohya,

1979), where they serve as virulence factors. However, HA'ases from mammalian tissues are

less well characterized. None has heretofore been purified to homogeneity and molecularly

cloned.

Using the partial amino acid sequence obtained from porcine hepatic HA'ase (Chapter

5) we have isolated and cloned a complementary DNA (cDNA) that encoded the porcine liver

HA'ase. The mRNA specifying this protein is expressed at high levels in the liver, but is not

detectable in various other tissues. Furthermore, the cloned protein is recognized by the

antiserum raised against the purified porcine protein (Chapter 6). When expressed from a

recombinant baculovirus, the cloned protein exhibits HA'ase activity. Interestingly this protein

has a predicted amino acid sequence and serologic reactivity with hemopexin, a serum heme

binding protein whose only previously identified functions are to bind and detoxify heme. Our

findings represent the first molecular cloning of a mammalian HA'ase and the first to impute

enzymatic activity to hemopexin and imply a role for hemopexin in ECM metabolism.

MATERIALS AND METHODS

Automated protein sequence analysis was carried out by Edman degradation using both

intact pig liver HA'ase and an internal peptide derived by cyanogen bromide cleavage and

reverse phase HPLC (Chapter 5).
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cDNA Cloning and Sequence Analysis

Degenerate oligonucleotide primers based on the N-terminal sequence and an

antisense form of the internal peptide sequence from HA'ase with flanking BamhI or Bgll

restriction sites were prepared by chemical synthesis. These had the sequences 5'-

G C G G G A T C C A C C A | A || YT T | C K I C C | G C C A T - 3 ' a n d 5 '-

CGCAGATCTACIGCIGGICCIAARCAYGGIGCIGA-3', respectively, where I denotes inosine,

K denotes T or G, and Y denotes T or C. Reverse transcription and polymerase chain reaction

were carried out using these primers in conjunction with 2 pug of total cellular RNA isolated

from adult pig liver by guanidinium thiocyanate extraction and CsCl density centrifugation.

The amplified 1.1kb product was digested with Bamhl and Bgll, yielding a 0.6kb fragment

designated EB1, which was then cloned into puC118. Additional 5'and 3' cDNA sequences

were obtained using the RACE protocols, (Frohman, 1993) with primers derived from the EB1

sequence; these were then cloned using a TA-tailing kit (invitrogen). The complete sequences

of all three informative cDNA clones were determined on both strands using the dideoxy chain

termination method. Homology searches of the Brookhave Protein Data Bank, GenBank, and

EMBL Data Library protein sequence data bases (April 1994 releases) were conducted using

hte BLAST network service of the NIH.

RNA Blot Analysis

Total cellular RNA was extracted from various adult pig tissues using guanidinium

thiocyanate, and 10 ul aliquots were then heat-denatured and fractionated electrophoretically

on a 1% agarose, 2.2M formaldehyde gel. The RNA was transferred to a nylon/nitrocellulose

composit membrane (Hybond TM-C Extra, Amersham Corp.), which was then prehybridized

for 2h at 42°C with 100 pg/ml Sonicated salmon sperm DNA in 50% formamide, 5x SSC (1 x
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SSC is 150mM NaCl, 15mAM sodium citrate), 0.02% (w/v) bovine serum albumin, 0.02% (w/v)

polyvinylpyrrolidone, 0.02% (w/v) Ficoll, 50mM sodium phosphate, pH 6.5. Hybridization

was performed in the same solution at 42°C overnight in the presence of 5x10 cpm/ml [cº

*P]deoxycytidine-labled EB1 DNA prepared by nick translation. The membrane was then

washed three times for 15 minutes each at room tempreature in 2xSSC, 0.1% (w/v) sodium

dodecyl sulfate (SDS,) and twice for 30 minutes each at 65°C in 0.1 x SSC, 0.1% (w/v) SDS,

then dried and examined by autoradiography.

cDNA Expression in Recombinant Baculoviruses

To achieve high level expression of the cloned cDNA sequence, we subcloned it into

the baculovirus transfer vector p3acPAC-9 (Clontech), which was then used to drive

recombination of the cDNA into the polyhedrin locus of the AcMNPV strain of baculovirus

(Davies, 1993). As these studies were begun before sequences 5' to EB1 had been cloned,

synthetic oligonucleotides encoding the leader (amino acids 1-24) of rat hemopexin were

ligated onto the 5' end of the then-available porcine cDNA (codons 29-459) to create a hybrid

that combined the full-length mature porcine protein with a functional leader peptide.

Baculovirus infections, plaque assays and virion purification were carried out using standard

methods (King, 1992), except for the following modifications. Cotransfections were performed

with lipofectamine (Life Technologies, Inc.), as directed. Recombinant baculoviruses were

generated as described (Kitts and Possee, 1993), cotransfecting 500 ng of transfer vector

containing the cDNA along with 10 ng fo Bsu36|-digested BacPAK6 baculovirus DNA

(Clontech), in Sf9 insect cells growing in TC-100 medium (JRH Biosciences) supplemented with

5% fetal calf serum. Isolated plaques were used to infect further Sf9 cultures, the supernatants

of which were then screened by immmunoblotting with the anti-HA'ase serum. Two
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independent immunoreactive plaques were amplified and subjected to another round of

purification, yielding the stocks of recombinant virus which we designated AcHA.

Expression of cloned HA'ase

Expression of HA'ase by Sf9 cells was then examined. Sf9 cells were plated (10%|35mm

dish) and infected with either AcHA stock virus or with wild-type AcMNPV control virus, at a

multiplicity of infection of 10. Twenty four hours after infection, the cells were washed

extensively with PBS and then incubated in serum-free TC-100 medium for an additional 48

hours. Aliquots of serum (15pul} from virus infected cultures and control cultures were then

assayed for HA'ase activity by substrated gel electrophoresis (see Chapter 2.2). Briefly samples

were run on polyacrylamide gels impregnated with HA. Gels were incubated overnight in

HA'ase buffer to allow digestion of HA. The gels were then stained in Alcian blue. Clear

bands demonstrating absence of HA represent areas of HA'ase activity. Finally,

immunoreactivity of the expressed HA'ase was determined using antiserum against the purified

porcine HA'ase (see Chapter 6) and peroxidase labled goat-anti-rabbit antiserum as the second

antibody.

RESULTS

Using liquid chromatographic techniques and assays for HA'ase developed for this

project, an enzymatically active fraction that contained a single protein was isolated (Chapters

2–4). This protein was used to immunized rabbits and produce an anti-HA'ase serum (Chapter

6). The intact protein fraction, as well as an internal peptide derived form it by cyanogen

bromide cleavage, were also subjected to protein sequence determination (Chapter 5). Each

yielded an initial uninterruped sequence of 8-10 amino acids followed by several individual
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unambiguous residues (fig 1). Comparison with the GenBank data base revealed no

convincing matches for the amino-terminal sequence. By contrast, the internal sequence

strongly resembled a sequence termed the hemopexin domain, which is found in hemopexins,

vitronectin, and certain metalloproteases that act on the ECM (Stanley, 1986; Hunt et al., 1987;

Matrisian, 1992).

Using these two amino acid sequences, we synthesized a pair of degenerated DNA

oligonucleotids that comprised all possible coding sequences for these two HA'ase peptides.

To facilitate cloning, flanking Bglll and Bamhl restriction sites were added. These

oligonucleotides we used as primers for reverse transcription and polymerase chain reaction

(PCR) amplification of pig liver RNA. This yielded a unique 1.1-kb amplified DNA product.

Combined Bamhl and Bglll digestion of this product generated a 0.6-kb fragment which we

cloned and designated EB1. Nucleotide sequencing of EB1 revealed a single uninterruped

translational reading frame that extended across the full length of EB1; neither the start nor stop

codons of this reading frame were present in the clone. We therefore utilized sequences from

within EB1 as primers for reverse transcription and cloning of two additional cDNAs that

partially overlapped EB1 but extended further 5' and 3' respectively, along the RNA template

(fig 2).

The composite nucleotide sequence of the HA'ase cDNA is shown in Figure 3. It

encompasses the major open reading frame along with 30 base pairs of 5'-untranslated

sequence, 117 base paires of 3'-untranslated sequence that includes a polyadenylations signal,

and a portion of the polyaadenylate tail. The sequence is predicted to encode a 459-amino

acid polypeptide that contains both of the peptide sequences we obtained from pig liver

HA'ase, including residues that were not encoded by the original PCR reaction primers.

Presuming that the experimentally determined amino-terminal sequence corresponds to the

i
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amino terminus of the mature protein, the cDNA sequence indicates the presence of a 28

amino acid leader peptide in the initial translation product, as expected for a secretory protein.

The predicted protein includes four potential sites for N-glycosylation (asterisks), all of which

are in the amino-terminal half. In addition, it includes a single copy of a consensus motif, first

identified in CD44 and other HA-binding proteins, that has been proposed to be necessary and

sufficient for HA-binding (Yang, 1994). This motif is defined as a pair of arginine or lysine

residues separated from each other by seven non-acidic amino acids, at least one of which is

basic (Yang, 1994). This putative HA binding motif is located within the carboxyl-terminal,

nonglycosyalted half of the porcine HA'ase sequence (fig 3, solid box).

To examine the tissue distribution of mRNA sequences encoding this protein, RNA

samples from various adult pig tissues were analyzed by Northern Blot. As seen in Figure 4,

the EB1 probe detected a single RNA species of approximately 1.6 kb in length that was present

in liver but absent in spleen, kidney, heart, muscle and lung tissues. This suggests that the

cDNA encodes a relatively abundant, liver specific protein. e

A search of the GenBank data base reveals that our predicted sequence for porcine HAase
bore a compelling resemblance to those reported previously for the human, rabbit and rat

hemopexin proteins. The HA'ase sequence exhibited more than 60% amino acid identity and

over 70% similarity (i.e., including conservative substitutions) to each of these hemopexins,

with an essentially uniform degree of similarity extending throughout the length of the

proteins. This strongly suggested that the cloned protein might be porcine hemopexin. As no

independent sequence data were available for porcine hemopexin, we tested for serologic

cross-reactivity of our HA'ase preparation with hemopexins from other species. As seen in

Figure 5, our anti HA'ase serum did not recognize purified human, chicken, or bovine

hemopexins but reacted with a sample of purified pig hemopexin (a gift from D.R. Babin,
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Creighton University). conveney our HA'ase preparation, as well as the authentic porcine

hemopexin, cross-reacted weakly but detectably with an antiserum raised against human

hemopexin. These data strongly indicated that the HA'ase protein we cloned is identical to

porcine hemopexin.

To assess the properties of this cloned protein, we prepared a recombinant baculovirus

that would direct synthesis and secretion of the cloned HA'ase/hemopexin protein in an

infected insect cell host. We chose this expression system in part because baculoviral vectors

can direct copious production and secretion of exogenous proteins, and also in the hope that

the insect cells might glycosylate the cloned protein with sufficient authenticity to retain its

biological properties (Davies, 1993; King, 1992; Satoh, 1994). For these studies, Sf9 insect

cells were infected either with the recombinant baculovirus (AcHA) or with the parental wild

type virus, which expresses similarly large amounts of viral polyhedrin protein. Because the

fetal calf serum in which Sf9 cells typically are grown would be expected to contain

endogenous hemopexin and HA'ase activity (DeSalegui, 1967; Altschl, 1990), a separate plate

of cells infected with wild-type virus was washed thoroughly 24 h after infection and thereafter

was maintained for 48 h in serum-free medium.

We first examine supernatants from the infected cells by immunoblot using the anti

HA'ase serum. As shown in Figure 6, abundant immunoreactive protein of approximately 65

70 kDa was present in the supernatants of cells infected with the recombinant AcHA virus but

not the supernatants from uninfected cells or from cells infected with the wild type baculovirus.

The molecular mass of this protein on denaturing gels was in agreement with the value of 67

kDa reported for authentic pig hemopexin (Spencer, 1990). When examined using the

substrate gel assay, supernants from cells infected with either two independant clones of AchA

virus were found to contain HA'ase activity that was not present in controls (fig 7). The active

:
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species migrated leavey slowly in the HA-impregnated substrate gel, as is typical of proteins

that have affinity for HA (Gutenhoener, 1992). At least two discrete but relatively diffuse bands

of activity were discernable on substrate gels, which are run under nondenaturing conditions;

this contrasted with the single immunoreactive band seen on conventional denaturing gels (fig

6). However, when the substrate gels were blotted onto nitrocellulose membranes and then

probed using the anti-HA'ase serum, both bands of HA'ase activity were found to be

immunoreactive (fig 8). This may indicate that the single polypeptide expressed by AcHA give

rises to two or more alternative processed HA'ase isoforms with different affinities for HA,

perhaps corresponding to the known isoforms of porcine hemopexin (Spencer, 1990).

Together, these findings demonstrate that the cloned protein binds HA, is recognized by our

anti-HA'ase serum, and has HA'ase activity.

DISCUSSION

Hemopexin is a serum 3-glycoprotein that is constitutively synthesized and secreted

predominantly by the liver and whose production is markedly enhance during the hepatic

acute phase response. Long recognized a major plasma heme-binding protein, hemopexin has

the highest affinity for heme of any known protein. Hemopexin serves a critical function in

scavenging free heme from the blood and also in limiting heme-catalyzed free radical toxicity

at sites of hemorrhage into tissues (Muller-Eberhard, 1993). In addition, by facilitating cellular

uptake of exogenous heme via receptor-mediated endocytosis of the heme-hemopexin

complex, hemopexin is thought to contribute to heme- and iron-regulated expression of several

mammalian genes (Alam, 1989, 1992; Taketane et al., 1990). Each hemopexin protein is

organized in two structurally related but functionally nonequilavent halves: the amino-terminal

half is sufficient for heme binding and for interaction with cellular hemopexin receptors,

.
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whereas the function of the carboxyl-terminal half is unknown (Morgan, 1984; Takehashi,

1985; Altruda, 1988; Muster, 1991; Nikkila, 1991; Morgan, 1993).

Our findings now provide evidence of an additional, unanticipated role for hemopexin

as an enzyme that catabolizes HA. This conclusion is supported in part by direct amino acid

sequence data we determined from purified pig liver HA'ase which suggest that the active

protein fraction showed homology to hemopexin. The resemblance was confirmed when we

exploited those peptide sequence data to isolate a cDNA, which was found to encode a protein

with extensive Colinear sequence identity to the hemopexin proteins of three other mammalian

species. Moreover, antibodies raised against the HA'ase cross-reacted with porcine hemopexin

(fig 5). The HA'ase preparation appears to have been relatively pure, as judged by the criteria

of electrophoresis and peptide sequencing (Chapters 4&5). The cDNA we cloned codes for

a protein that matches that sequence and which is recognized by an antibody raised agains the

original enzyme preparation (figs 6&8). This implies that we have cloned cDNA corresponding

to the most abundant protein in the HA'ase fraction, but does not exclude the possibility that

enzymatic activity in that fraction was due to a minor contaminant. More compelling evidence,

however, comes from our finding that expression of the cloned cDNA in recombinant

baculoviruses yields protein that specifically cleaves HA in a substrate gel assay (figs 7&8).

As a whole, these findings indicate that the protein we cloned is indeed porcine

hemopexin and that this hemopexin possesses HA'ase activity. This interpretation would

further imply that hemopexin is one of the many HA'ases normally found in mammalian serum

(DeSalegui, 1973; Afifi, 1993), although it is not the most abundant of these (Afifi, 1993).

Although it is possible that liver HA'ase is related to, but distinct from, hemopexin, we view

this as unlikely in light of the degree of sequence homology. The levels of HA'ase activity in

normal serum seem disproportionately low in comparison with the abundance of hemopexin
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protein, this observation may suggest that only a fraction of hemopexin molecules are

enzymatically active. However, multiple electrophoretic isoforms of hemopexin are known

to occur in the liver and serum, perhaps resulting from alternative glycosylation, and it is

possible that only one minor isoform possesses HA'ase activity. Although we have thus far

been unable to demonstrate HA'ase activity in hemopexin, the hemopexin assayed was not

purified in a fashion that preservation of enzymatic activity was relevant. Another although

unlikely explanatation is that HA'ase may bind tenaciously to hemopexin, such that the

molecules are copurified. This resultant antiserum may thus recognize a hemopexin-HA'ase

complexs. Also the expressed protein from the baculovirus system may have activity in our

HA'ase assay because the endogenous baculovirus HA'ase binds similarly to the cloned,

expressed pig liver HA'ase.

We suggest that HA'ase belongs to the family of HA-binding proteins or "hyaladherins"

(Toole, 1990; Underhill, 1992). In support of this is the finding that the purified liver HA'ase,

as well as the enzymes from serum, testes and Streptomyces, are all retarded on substrate gels

(Chapter 2.2). When non HA-binding molecular weight standards are run on such gels, there

is some retardation in migration but the relative mobilities are maintained. HA'ase from any

of these sources run disproportionately slow. Retardation on HA-substrate gels could thus not

be attributed merely to enhanced gel viscosity. In support of HA'ase being a member of the

hyaladherins family is the finding that the cloned protein contains a consensus amino acid

motif (fig 9), which has been shown to mediate specific HA binding and which is also found

in other HA-binding proteins such as CD44, link protein and RHAMM (Yang, 1994). This

putative HA binding motif is located in the carboxyl-terminal half of the hemopexin protein,

a region that is not required for heme binding (Morgan, 1984; Takehashi, 1985; Altruda, 1988;

Muster, 1991), although its sequence is evolutionarily conserved. This raises the possibiliy that

:
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the carboxyl-terminal half of porcine hemopexin is the region primariy responsible for HA'ase

activity. We note that the putative HA binding motif is also present at the same location in all

other hemopexins sequenced to date. The possible physiological role of hemopexin as a

HA'ase remains a matter of conjecture. In addition to clearing HA fragments continually from

the bloodstream, hemopexin, along with other serum HA'ases (Chapter 9), might provide a

ready reserve of HA'ase activity which would be deposited immediately at sites of tissue injury

or hemorrhage, thereby helping to promote infiltration by inflammatory cells. Moreover, some

bacteria, such as group A and C streptococci, synthesize an HA capsule which increases their

pathogenicity (Wessels, 1991). Hemopexin may therefore act as an antimicrobial agent in

infected wounds. Indeed, there is some clinial evidence that exogenously applied HA'ase

facilitates healing in infected wounds (Baurmash & Limongelli, 1976).

The discovery of role for hemopexin in ECM metabolism might shed light on the role

of the so-called hemopexin domain. This domain is present in vitronectin, collagenases,

gelatinases, stromelysins, and nearly all other members of the matrix metalloprotease family

of ECM-associated enzymes (Stanley, 1986; Hunt, 1987; Matrisian, 1992). The hemopexin

domains found in the matrix metalloprotases appear to contribute to recognition of specific

protease substrates, such as collagen, and to serve as binding sites for other proteins that inhibit

enzymatic activity (Matrisian, 1992; Sanchez-Lopez, 1993). Such findings have shed no light,

however, on the role that domains of this type might play in the biology of hemopexin. Our

findings now raise the possibility that the prototypical hemopexin domains found in hemopexin

itself might serve either to promote recognition of an ECM substrate or to modulate intrinsic

enzymatic activity. The hemopexin domains of hemopexin/HA'ase may thus be viewed as

emblematic of its relationship to other enzymes that metabolize the ECM.
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FIGURE LEGENDS

Figure 1.

Amino acid sequence of the amino terminus and an internal sequence from an internal

cyanogen bromide fragment. These were later found to correspond to amino acids 29–48 and

369-388, respecitvely, of the cloned HA'ase sequence (fig3). The underlined sequences were

used to design the dengenerate oligonucleotide probes for the polymerase chain reaction

primers. (Met) denotes a methionine inferred from the cyanogen bromide cleavage. The Arg

and Asp residues shown in open lettering in the internal sequence were not found in the cDNA

sequence and are presumed to be protein sequencing errors.

Figure 2.

Schematic organization of the composite HA'ase cDNA (bottom) and the three

overlapping cDNAs used to deduce its sequence (top). One cDNA is designated EB1. The

open reading frame is shown as a rectangle, with deduced locations of the leader peptide

(shaded), N-glycosylation sites (asterick), and the putative HA binding motif (black rectangle)

indicated.

Figure 3.

The complete HA'ase cDNA and deduced amino acid sequence. Locations of the

predicted leader cleavages site (arrow), N-glycosylations sites (asterisks), hemopexin domains

(dashed rectangles), HA binding motif (solid rectangle), and polyadenylation signal (polyA) are

indicated.
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Figure 4.

Liver-specific expression of the HA'ase mRNA. Equal amounts of total cellular RNA

from the indicated adult pig tissues were probed fo EB1 sequences. Northern Blot (top panel)

detected a 1.6-kb RNA species in the sliver sample only. These same RNAs are also shown in

the ethidium bromide-stained gel (bottom) prior to Northern Blotting.

Figure 5.

Immunologic cross-reactivity of the porcine HA'ase with hemopexin (Hpx) proteins

from varoius species. Purified hemopexins from the indicated species were fractioned on three

identical denaturing polyacrylamide gels, along with a sample of the purified liver HA'ase

preparation. One gel was silver stained; the two others were immunoblotted using antisera

raised either against HA'ase or human hemopexin.

Figure 6

The cloned protein reacts with anti-HA'ase serum. Immunoblot detection of HA'ase

protein secreted from insect cells infected with various independant isolates of the AchA viral

strain and parental (wild type) strain. AcHA infectd strains were grown in media containing 5%

serum. Parental (wild type) strains were grown in either serum free media or media

supplemented with 5% serum. Samples were fractionated on a denaturing 12.5%

polyacrylamide gel in the presence of SDS and then were probed using the anti-HA'ase serum.

Figure 7.

The cloned protein has hyaluronidase acitivity.

Substrate gel activity of hyaluronidase in the supernatants from cells infected with two

>
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independent clones of AchA virus grown in medium containing 5% serum. A sample of

Streptomyces HA'ase and supernatants from cells infected with wild-type virus grown in serum

free (wild-type) or 5% serum enriched media (wild-type--serum)was run on an HA-substrate

gel. At right is an identical gel stained with Coomassie Blue.

Figure 8.

Hyaluronidase activity is attributable to the cloned protein. Identical HA substrate gels

were either assayed for HA'ase activity (left) or immunoblotted using the anti-HA'ase serum

(right). Samples are the same as in Figure 7 but electrophoresis was continued for a longer

time. Arrows indicate the two major HA'ase bands expressed from AcHA; the diffuse nature

of these bands is due to the nondenaturing conditions used in the substrate gel assay.

Figure 9

Evolutionary conservation of the putative HA binding motif in vertebrate hemopexin.

The single copy of this motif in the porcine hemopexin/hyaluronidase sequence (top) is shown

in alignment with corresponding portions of the human, rabbit, and rat hemopexins. Basic

amino acids are indicated by white lettering.
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GTGGCTGACCTGTGGCCCCCCCAGCTCATCATGGCTCGGGCGCTGGGAACAGTGGAGGCACCGTGGCTGTTGGGGCTCTGCTGCTCTCT
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