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ABSTRACT

Our laboratory has been interested in the effects on keukocvies of reactive oxygen
intermediatcs (ROI), such as superoxide (O,7). produced during the "respiriiory burst”.
Upon stimulation, such cells employ the NADPH oxidase 1o reduce O, to form O,7 using
NADPH from the hexose monophosphate shunt (FIMPS). In order w further study the
effects of ROI, we planned to perform genetic manipulations on U-937 cells, a monobtastic
cell line capable of differentiation into more mature leukocytes. In Part A, conditions ©
promote maximal U-937 differentiation into respiratory burst-competent cells were
developed, thus allowing for such manipulations. Retinoic acid (RA) was found to be a
potent inducer of a functional NADPH oxidase and HMPS, and of various mRNAs for
their components. RA also reduced cell proliferation and altered cell momphology. The
effects of RA were augmented by nitric oxide (NO-) donors, believed 10 act by increasing
intracellular cGMP levels. Among the NO- donors tested, only glyceryl trinitrate induced
differentiation in the absence of RA.

Since heparanase, an endoglycosidase which degrades heparan sulfate (HS), is
active in marture leukocytes, the possibility that heparanase might serve as another U-937
differentiation marker was investigated. Because of a laboratory interest in cloning
heparanase cDNA based on enzymatic activity, Part B was devoted w the development of
heparanase assays for these purposes and for characterization of heparanases. A refined
PAGE-based heparanase assay was used to test various cell types; KNRK cells were found

to be the most active. Not previously characterized, KNRK heparanase was found to be a
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relatively stable enzyme with pH 6 optimum, inhibitable by heparin and able to digest a
viriety of HS substrates. Heparanase activity was virwally ebsent in immature U-937 cells
and was only marginally increased during differentation. Development of a more sensitivz

fluorescence-based heparanase assay was initated.
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FOREWOQORD

This thesis is divided into two parts. Part A represents work done on developing a
differendation protocol that would give the highest vield of ditferentiated U-937 cells
capable of producing superoxide. Part B represents work done towards developing
heparanase activity assavs to assess whether heparanase would be useful as another U-937
differentiation marker, to aid in the cloning of the heparanase ¢cDNA and 0 characterize
vartous heparanases. The projects were carried out in paralle! and came together with the
testing of heparanase activity in differentiated U-937 cells. The organization of the thesis
is outlined below. |

There is one combined abstract and list of abbreviations for both parts found at the
beginning of the thesis. Materials, suppliers and solution compositions for both parts are
detailed in the text, in the figure legends and/or in Appendix 1.

Except for Materials being listed elsewhere, Pant A is arranged in the form ol a
typical paper with Inroduction, Methods, Results, Discussion and Summary sections, In
contrast, Part B begins with an Introduction section and the remainder of the text is divided
into three chaprers, each of which is divided into numerous sections. Chapter I describes
the refinement of a PAGE-based heparanase activity assay. Chapter H describes the
application of the PAGE assay to the heparanase cloning project, to the characterization of
different heparanases and to the U-937 differentiation project described in Part A. Chapter
I outlines the development of a fluorescence-based heparanase uctivily assay. Due o the

nature of the work done for Chapters I and III {i.e., development of methods), there is no
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actual "Methods"” section since the methods are part of the text itself. Details of the
methods are given either in the text, in the figure legends. or in Appendix IL. Since the
results of Chapter 1I are obtained using methods developed in Chapter 1. again there is no
Methods section. For all three chapters, the Results and Discussion sections have been
placed together in one subsection within each section of each chapter. Several Summary

sections are provided. The thesis draws 1o a close with an Overall Conclusion section.
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PART A: Polentiation of Retinoic Acid-Induced U-937 Cell Differentiation Into
Respiratory Burst-Competent Cells by Nitric Oxide Donors
INTRODUCTHON
Objective

Our laboratory has been interested in the mechanisms by which reactive oxygen
intermediates (ROI), such as superoxide anion (O,7), hydrogen peroxide (H.O,),
hypochlorous acid (HOCI), nitric oxide (NO-) and peroxyniwrite (ONQO' ), produced by
mature peripheral blood leukocytes during a variety of processes cause breaks in cellular
DNA [1-6). Although granulocytes {(mostly polymorphonucltear neutrophils, PMNs) have
been satisfactory for many types of experiments, such terminally-differentiated,
non-dividing cells do not allow for genetic manipulations that are needed to better
understand the mechanisms involved in inducing DNA breaks. My objective in this part of
the thesis was 10 develop a differentiation protocol that, starting with immature precursor
cells, would generate the highest yield of differentiated cells capable of producing O,~
through the "respiratory burst”. This would allow for genetic manipulation of growing
cells prior 1o induction of differentiation, which is not possible in mature monocytes or

PMNs.

Background
The term "respiratory burst” refers to the rapid consumption of diatomic oxygen
(O,) by stimulated phagocytes (namely neutrophils, monocytes, macrophages, and

eosinophils) [7-9). This phenomena was originally believed to be the result of increased
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mitochondrial respiration: however. this process was observed to be insensitive w inhibitns
of mitochondrial respiration such as cyanide and azide [7.9.10]. The dramatic rse in O,
consumption was later attributed to the tformation of superoxide anion (O,7) via the
NADPH oxidase (also referred to as the "respiratory burst oxidase™). a key contributor 10
oxyradical generation during the respiratory burst [10.11]. In response to appropriaie
stimuli, this membrane-bound oxidase catalyzes the one electron reduction ot O, 0 O,~
_using NADPH (reduced nicottnamide-adenine dinucleotide phosphate) as the clectron

donor [7]. The overall reaction is:

NADPH + 30, e > NADP' + H* + 20,7
0,7 production and release primarily occur extracellularly at the plasma membrane
on the luminal membranes surfaces of phagocytic vacuoles or on the membranes of
specific neutrophilic cytoplasmic granules which eventually fuse with the phagocytic
vacuoles [10]. O,~ production is not restricted to the "professional” phagocytes having a
NADPH oxidase; it occurs in many other cell types including lymphocytes | 10],
fibroblasts, endothelial cells, kidney mesangial cells, spermatozoa and wmour cells [7,12].
The NADPH oxidase itself is 2 multicomponent enzyme (Figure 1). It contains a
membrane-bound electron transport chain whose catalytic component is a flavocytochrome
called cytochrome bgg, (Cyt bssy) due to its absorption maximum at 558 nm (also called
cytochrome b-245 due to its extremely low midpoint redox potential of -245 mV) [7,10].
This flavocytochrome is the only known mammalian protein that is capable of reducing O,
o O, directly. Cyt by, is composed of a flavoprotein which binds FAD (flavin-adenine

dinucleotide) and NADPH, and a b-type cytochrome bearing one or more electron-carry ing
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Figure 1. Model of the respiratory burst and related activities.

1. Respiratory burst activation. Activation of the respiratory burst is accomplished by a
variety of simuli including protein kinase C (PKC) agonists such as phorbol esters (eg., 12-
O-tetradecanoylphorbol-13-acetate (TPA})) and diacylglycerol (DAG), chemoattractant
receptor agonists such as N-formyl-methionylleucylphenyvlalanine (fMLP), and bioactive
lipids such as phosphatidic acid (PA), lysophosphatidic acid (Lyso-PA) and arachidonate.
The latter could be generated from PA, phosphatidylinositol 4,5-bisphosphate (PIP,) and
phosphatidy! choline (PC) (or other phospholipid) by the action of phospholipases A,, C
and D (PLA,, PLC, PLD), respectively, and DAG kinase (for DAG = PA interconversions).
Where as PKC-mediated pathways are Ca*-independent, an increase in intracetlular Ca*
concentration (ICaz’]i) by inositol (1,4,5)-trisphosphate (IP;) and other intermediates
accompanies activation of pathways involving PLC. The role of Ca® is uncertain although
it may be involved in protein translocation and degranulation. fMLP-induced activation
also activates the mitogen-activated protein kinase (MAPK) pathway which may have a role
in oxidase deactivation.

2. NADPH oxidase assembly and action. Although the role of phosphorylation is unclear,
the cytosolic p47 undergoes a stimulus-dependent phosphoryfation possibly by PKC
(indicated by a dashed line). pp47 and p67 ranslocate 1o the membrane and associate with
cytochrome bsg,, the membrane-bound catalytic component of the NADPH oxidase
composed of gp91 and p22 subunits. Upon activation, the isoprenylated (indicated by a
zigzag line) cytosolic p21™ dissociates from s GDP-dissociation inhibitor (GDI), possibly
interacts with a GDP-dissociation stimulator (GDS) to facilitate binding of GTP, and
translocates to the membrane to aid in oxidase assembly. RaplA, a membrane-associated
GTP-binding protein (also isoprenylated), is believed to regulate oxidase activation,
Electrons are passed from NADPH donated from the hexose monophosphate shunt (HMPS)
to cytochrome b, and finally to O, to generate superoxide (O,7) which is released to the
exterior. O,7 production can be measured by O, reduction of NBT 1o form insoluble
formazan. Deactivation of the NADPH oxidase may occur by Rac GTPase-activating
proteins (GAPs) which may in tum be regulated by MAPK pathways that are co-activated
with the oxidase.

3. Consequences of NADPH oxidase activity. The HMPS is activated t replenish the
supply of NADPH for the NADPH oxidase. Through a series of reactions starting with
glucose, NADPH is regenerated from NADP* and the first carbon of glucose is liberated as
CO,. O, formed by the NADPH oxidase spontaneously or enzymatically (by superoxide
dismutase (SOD)) dismutates to H,0, which can diffuse into the cell where it is either
detoxified to H,O by catalase or by glutathione peroxidase (Gpx). (The latter, using
reduced glutathione (GSH) as a reducing agent, generates oxidized glutathione (GSSG)
which is reduced back to GSH by glutathione recactase (Gred) using NADPH from the
HMPS). As part of the microbicidal and umoricidal defense mechanism, H,0, can be
converted to the more reactive hypohalous acids such as hypochlorous acid (HOCI) in the
presence of halides (Cl,) by myeloperoxidase (Mpx) or the highly reactive hydroxy! radical
(+OH) in the presence of transition (trans.) metal ions.
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hemes [9]. With the combined FAD-dependent dehydrogenase and electron transferase

activities of cyt by, [13], the proposed electron flow from NADPH w O, is {12}

NADPH =-=----- > FAD ------- > 2 Yt byg —--=mm- SN ) o Jp— > 20,7
Unlike most other cytochromes, cyt by, is composed of two types of subunits, a heavily
glycosylated heavy chain (f chain or gp91?™; "phox" denoting phagocyte oxidase) and one
or two non-glycosylated light chains (o chain or p22°™*) [9,10]. gp91™” is believed 1o
contain the FAD-binding site while there remains debate as to whether p22F**, gp91™* or
both are the heme-binding proteins [9,10]. Cyt bgsy was originally identified as being
defective in X-linked chronic granulomatous disease (X-CGD) [14], an often-fatal
syndrome which renders patients deficient in respiratory burst activity abnormally
susceptible 1o severe infections [9]. The defect for X-CGD iies in the B-subunit.

Several other proteins have been identified to be necessary for NADPH oxidase
acuvity (Figure 1). Two soluble cytosolic factors, the phosphoprotein pp477™* and p67Ph |
play an essential role in oxidase activation [9]. Either pp47™ and p67™* can be deficient
or absent in autosomal recessive forms of CGD [15). p47"™ undergoes a
stimulus-dependent phosphorylation (possibly by protein kinase C (PKC) [16]) and
translocates from the cytosol to the membrane to activate the oxidase; however, the exact
relevance of phosphonylalionlin ranslocation or oxidase activation is unclear [9]. At the
membrane, ppd7™* and p67™™* associate with cyt by, pp47** and p67*° wanslocation is
absent in X-CGD suggesting that their association with cyt b, or some closely associated
molecule may be necessary to reside at the membrane [9,10]. Both pp47™* and p67e™

contain two src homology 3 domains which may be involved in submembranous
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cytoskeletal atachment [9]. interaction with GTP-binding protwins {10} or association with
the cyt by itself. In additon t© cyt by ppd7™" and p67™™". small cytosolic or
membrane-bound Rac- or Ras-related GTP-binding proteins, such as p21™ and p21%,
and their respective GDP dissociation inhibitors (GDIs), GTPase activating proteins (GAPs)
and GDP dissociation stimulators (GDSs) are believed to be important for regulation of
oxidase assembly and/or translocation of the cytosolic factors to the membrane as well as
for cytoskeletal rearrangements that occur during phagocytosis and degranulation [9.11,16].
More recently, p40®™* has been shown to co-immunoprecipitate with p67™* from
neutrophil cytosols and its levels are reduced with p67™™" in autosomal torms of CGD |17].
Although p40™* has been implicaied in NADPH oxidase regulation, it may not be
essential for activity.

NADPH oxidase activation can be accomplished by a variety of different meany
(Figure 1) {8,10,12,16,18]. Agonists that activate PKC, such as
12-O-tetradecanoylphorbol-13-acetate (TPA) or diacylglycerol, appear 1o trigger the oxidase
after a iag of about 25 seconds, in a calcium-independent manner, resulting in a more
sustained respiratory burst [10]. This contrasts agonists such as
N-formyl-methionylleucy lphenylalanine (fMLP) which act more rapidly (v;rithin 5-10
seconds), accompanied by increased intracellular Ca® concentration and whose response is
less sustained [8,10,18]). The significance of the increase in intracellular Ca* concentration
is not clear, although Ca® may mediate vesicle or protein translocation during oxidase
activation and vesicle fusion during degranulation events [8,19,20]. Other chemotactic

agonists that are activators of the NADPH oxidase and that may act similarly w fMLP are



-6-
complement fragment C5a, platelet-activating factor, interleukin 8 and leukotriene B,
[8,16]. Bioactive lipids (such as arachidonic acid, phosphatidic acid and
phosphatidylinositols) may activate the NADPH oxidase directly through physical
disruption of Rac-GDI complexes [10,11] or indirectly by other mechanisms [12,18,21].
Little is known about the deactivation of the oxidase. It has been speculated that
dephosphorylation events involving phosphatases and/or GAP-stimulated intrinsic GTPase
activity of GTP-binding proteins involved in oxidase activation (such as Rac) may be
tesponsible for NADPH oxidase deactivation [10,11,16]. fMLP-initiated respiratory burst
is accompanied by tyrosine phoshorylation and activation of a mitogen-activated protein
kinase (MAPK) pathway, the role of which may be in the regulation of the GTP/GDP state
of the GTP-binding proteins involved in NADPH oxidase activation [11].

O, formed by the NADPH oxidase can subsequently be converted w H,0, either
spontaneously or by the enzyme superoxide dismutase (SOD) (Figure 1). Neither O, nor
H,0, are highly reactive; however, in the presence of various trace metal ions, H,0, can
yield the hydroxyl radical, OH, a very potent biological oxidant [10). In the presence of
halides such as chloride, oxidizing hypohalides such as hypochlorous acid may be formed
from H,0O, by the enzyme myeloperoxidase [10]. O, and niwic oxide (NO-) react to form
peroxynitrite (ONOO" ), also a strong oxidant. The production of these reactive oxygen
intermediates (ROT) is one of the phagocyte defense mechanisms o combat microbial
infection, destroy tumor cells, or remove dying cells and cellular debris [9-11]. One key
enzyme involved in self-defense against the potentially toxic effects of H,0, is catalase,

which converts H,0, to O, and H,0 [9]. Additionally, glutathione peroxidase utilizes
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reduced glutathione to detoxify har=ful peroxides (such as membrane lipid peroxides and
H,0,). Glutathione reductase uses NADPH to reduce oxidized glutathione back 1w its
reduced form [22]. Another key role of O, production is to increase the basicity of the
phagocytic vacuole. As electrons are pumped into the lumen of the vacuole, they are
unaccompanied by protons. This results in a pH increase in the vacuole thereby activating
neutral proteinases (normally inactive in the mildly acidic environment of the granules)
upon granule fusion to the vacuolar membrane [10] (Figure 1).

Since ROI are also produced by non-phagocytic cells, & more subtle role
particularly at lower concentrations of these agents has been proposed namely in the
regulation of the expression of genes and in signal transduction pathways, including those
involved in the inflammatory and immune responses 17,10,12,23]. O,7, H,0,, vanadyl
peroxides and other ROI have been reported to enhance tyrosine phosphorylation by
increasing tyrosine kinase and/or decreasing tyrosine phosphatase activities [24-27]. ROl
are also implicated to be second messengers for TPA, wmor necrosis factor and
interleukin-1 mediated pathways that activate the stress-responsive transcription factor,
nuclear factor-kappa B (NF-xB) [23,26,28,29]. lonizing radiation, H,0, and TPA (known
to activate genes including c-fos, c-myc, c-jun, and NF-xB) have also been found to
activate the MAPK signalling pathway through generation of ROI [30]. One ROI target
may lie upstream of receptor protein tyrosine kinase signalling pathways {31}, which, via
MAP kinase, may activate NF-kB (since ROI have been shown to activate sre-related
tyrosine kinases as well as NF-xB [27], and the downswream Raf-1 and MAP kinases have

been shown to activate NF-xB [32,33]). Thiols, SOD, and other antioxidants are able 10
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inhibit the ROI-dependent effects on protein phosphorylation and ranscription activation
[23-28). Our laboratory was interested in the role of ROI in tumour progression, more
specificially, their role in inducing DNA strand breaks by means of a specific enzymatic
mechanism (as opposed to a direct chemical atack) {4,5).

The increased demand for NADPH as a co-substrate for the NADPH oxidase and
glutathione reductase necessitates the activation of the hexose monophosphate shunt
(HMPS, also called pentose phosphate pathway) [7]. A drop in cellular NADPH removes
the product inhibition experienced by glucose-6-phosphate dehydrogenase (G6PD), the
regulatory enzyme at the first siep of the pathway (Figure 1) [22,34).
Glucose-6-phosphate, from extracellular glucose wansported into the cell or from
glycogenolysis (of glycogen stored in the granules of granulocytes), is fed into the shunt to
regenerite NADPH from NADP*. The first carbon of glucose is released as CO, at the
fourth step and it is the release of this CO, that has been used as a measure of HMPS
activity {35}, Although normally 2 constitutive housekeeping enzyme, G6PD is also
believed to be subject to tissue-specific regulation by hormones, growth factors and oxidant
stress [36).

Thus, it is clear that the acquisition a fully functional respiratory burst oxidase
during cell differentiation would not only rely upon acquisition of the NADPH oxidase

components but also HMPS activity that would provide the necessary NADPH.

Experimental Approach

The human monoblastic leukemic cell line, U-937, has been used as a model
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system for studying myelomonocytic differentiation in virro |37]. These cells are arrested
in an early stage of differentation. This cell line was chosen for my studies since
immature U-937 cells do not possess any significant O, -generating ability: however,
upon differentiation owards monocyte/macrophage- or granulocy te-like cells, they may
acquire this ability. Use of this cell line offered the additional advantages of rapid growth
and relative ease of maintainance of the cells in culture. Development of an optimai
differentiation protocol would allow genetic manipulations 10 be performed on U-937 cells
prior to induction of differentiation.

A variety of agents have been shown to induce U-937 differentiation. Depending
on the inducing agent employed, these cells can be induced 1o differentiate afong either the
granulocytic or the monocytic/macrophage lineage. One of the earlier agents 0 be
identified was all-zrans retinoic acid (RA). Treatment of U-937 cells with RA results in
their differentation into monocyte-like cells [38-41]. RA is presumed 1o act via a specific
nuclear receptor [42-44] to medulate transcription of genes related to cell cycling and
differentiation [45,46] including those encoding leucocyte-specific proteins (reviewed in
[47)).

RA alone is insufficient to induce complete differentiation © mature monocytes and
other factors are presumed to be necessary. Attempts have been made by others 1o identif y
agents that further enhance the differentiation-inducing ability of RA. Among those agents
previously identified are gamma-interferon [48,49], 1a,25-dihydroxycholecalciferol [41,50],
cyclic adenosine monophosphate (cAMP)-elevating agents such as dibutyryl cAMP,

prostaglandin E, or cholera toxin {39,40,51), bufalin |38], transforming growth factor-f31
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[52], tumor necrosis factor-¢t, granulocyte colony stimulating factor, interleukin-1a, and
interleukin-4 [49].

Prior 1 the present study, I screened RA and several other compounds for their
potential in inducing U-937 cell differentiation into O, -generating cells as assessed by
their ability to reduce nitroblue tetrazolium (NBT) 1o formazan using O,~. High numbers
of O,™-producing cells were obtained by using RA alone. Other compounds (such as
8-(4-chlorophenylthio) cAMP, dibutyryl cAMP, dibutyryl cGMP (cyclic guanosine
monophosphate), gamma-interferon, indomethacin, granulocyte-macrophage colony
stimulating factor) were only effective when combined with RA. Cyclic nucleotides, such
as CAMP and cGMP, have been studied in the context of myeloid differentiation [40,53].
Because dibutyryl cGMP appeared to have an effect, the possibility that a cGMP pathway
might enhance the effect of RA was investigated further with the use of ¢GMP-elevating
agents.

Cyclic GMP levels can be elevated by the agents which release nitric oxide (NO.),
an important endogenous activator of soluble guanylate cyclase [54,55]. NO. is
endogenously produced from L-arginine by nitric oxide synthase [56]. A variety of drugs
that release NO- either spontaneously or after metabolic activation have also been
identified [57,58). Some have recendy been shown to modulate monocytic differentiation
and gene expression in HL-60 human promyelocytic leukemia cells [59). Glyceryl
trinitrate (GTN, nitroglycerin) has been demonstrated 1o release NO- after metabolic
activation in various tssues [57,60-62). Sydnonimines such as molsidomine (MOL) and

CAS 936 (CAS, persidomine) release NO- following ring-opening; bioactivation of MOL
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and CAS is required for ring-opening to occur [57.63). Tetanitromethane (TNM) is a
novel agent that has not yet been tested for NO--releasing potential or cGMP-elevating
activities (although its structure bears resemblance to sodium nitrite. also believed to be «t
NO- donor [63]).

In the present study, potentiation of RA induction of differentiation by GTN, MOL,
CAS, and TNM was examined using a variety of differentiation markers. NADPH oxidase
activity in response to0 TPA stimulation was assessed by microscopically scoring the
percentage of cells staining with formazan, the product of NBT reduction by 0,7, as well
as specrophotometrically quantifying the total amount of formazan produced. HMPS
activity was assessed by quantification of [*C]CO, released from D-]1-"C]glucose.
mRNA levels for two NADPH oxidase components, p47™ and gp91™*, the rate-limiting
HMPS enzyme, G6PD, as well as SOD were assessed by Northern analysis, Other

parameters examined for alteration were cell proliferation and cellular morphology.



MATERIALS and METHODS

Materials
A lising of the materials, chemical suppliers and solution compositions is found in

Appendix I.

Cells and Cell Crdture

U-937 cells were cultured 10 cm plastic tissue culture dishes for < 4 weeks in
complete medium (RPMI 1640 medium + 10% fetal calf serum (FCS)) at 37°C in a
humidified atmosphere of 5% CO0./95% air. Cell suspensions were maintained between
2-8 x 10° cells/mL by dilution with fresh medium.

For differentiation experiments, U-937 cells (2 x 10° cells/mL) were grown for up
10 96 hr in the continuous presence of either RA (1 x 10° M 1o 1 x 10* M), GTN (0.1
mM), TNM (50 pM) with or without L-cysteine (CYS) (0.3 mM), MOL (1 x 10 M), or
CAS 936 and various combinations thereof. While the other agents could be added from
concentrated stocks, CAS 936 had very limited solubility and cells had to be centrifuged at
600g for 7 min in a IEC Centra-7R refrigerated cenwrifuge (Intemnational Equipment Co.)
and resuspended in fresh culture medium containing 15 pM of the drug. The final
concentration of ethanol (where used) did not exceed 0.2% except for 1 x 10* M RA
treatment where the concentration was 1.0%. As a positive control for the functional
assays, human granulocytes (mostly PMNS) were isolated from fresh whole blood of

healthy donors as described previously [6].
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For the priming experiments, the cells were reated with | x 10° M RA for 24 hr,
then the cells were resuspended in fresh medium after centrifugation at 600xg for 7 min in
a [EC Centra-7R refrigerated centrifuge, and incubated for another 72 hr in the presence or
absence of the other inducers ar concentrations as indicated above.

Cell number was determined at 24 hr intervals using a Model ZM Coulter Counter
(Coulter Electronics Ltd.). Cell viability was assessed by trypan blue and by ethidium
bromide dye exclusion methods. For the typan blue dye exclusion assay. a least 200 10
400 cells from each culture were scored microscopically. For the ethidium bromide
procedure, cell suspensions (0.2 to 1.5 x 10° cells/mL) in PBS (phosphate buffered saline:
2.7 mM KCl, 1.5 mM KH,PO,, 137 mM NaCl, 4.3 mM Na,HPO,) containing 4 pg/mL.
ethidium bromide were gently agitated after 3-5 min incubation and fluorescence was
measured in a Perkin-Elmer Model LS-5 spectrofluorometer at A, = 520 nm and A, =
590 nm. Triton X-100 was then added at 0.05% (w/v) final 10 permeabilize Wl cells and a
second fluorescence reading taken after 3-5 min. The percentage of non-viable cells was
calculated as F/F, x 100 where F, represents the initial fluorescence reading and F,

represents the reading after addition of Triton X-100.

NBT Reduction and Spectrophotometric Determination of Solubilized Formazan Deposits
Formazan-Staining Assay. At indicated imervals, U-937 cells (1 mL per well in

12-well polystyrene plates) in complete medium were stimulated with TPA (final

conceniration 2 x 107 M) in the presence of NBT (1.2 mM) for 1 hrin a CO, incubator,

The percentage of cells stained with insoluble blue-black formazan deposits was
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determined under a light microscope using a hemocytometer chamber 1o aid in scoring. At
least 200 to 400 cells from each culture were scored.

Quantitative Spectrophotometric Assay of Total Formazan Produced. For most
experiments, 900 pL of the sume TPA/NBT treated cell suspensions were transferred to a
microcentrifuge tube, centrifuged 13,000g for 1 min in a microcentrifuge, and washed once
with 1 mL cold balanced salt solution (BSS: 137 mM NaCl, 5 mM KCl, 0.8 mM MgSO,,
10 mM HEPES, pH 7.4) 10 remove unreacted NBT. For those experiments involving
MOL, CAS and their corresponding RA weatments, and those described in Fig. 4, cells
were microcentrifuged for 2 min and washed twice, a procedure which lowered the
background further. Insoluble formazan deposits in the resulting pellet were solubilized in
I mL of extraction solvent mixture containing 90% (v/v) dimethylsulfoxide (DMSO), 0.1%
(w/v) SDS, 0.01 N NaOH with vigorous vortexing (heating at 60°C if required). After
cenwrifugation at 13,000¢ for 1 min to remove cellular debris, the absorbance of the
solubilized formazan was measured at 715 nm in a Perkin-Elmer Lambda 5
spectrophotometer against extraction solvent. Solubilized formazan was diluted in solvent
mixture such that the absorbance was <1.5 O.D.. Dat are expressed as A, per 10°
cells. For comparison, human PMNs were tested using the same procedure. The molar
extinction coefficient of the formazan precipitate formed by the reduction of NBT by O,~
generated using xanthine/xanthine oxidase was estimated as follows. 0.35 mM NBT was
incubated at 37°C for 30 min with 36 MM xanthine, 71 pM EDTA, 36 mM sodium
phosphate pH 7.8, 11.4 U/mL catalase, and 2 mU/mL xanthine oxidase in duplicate. After

addition of more xanthine and xanthine oxidase, the reaction was further incubated at 37°C
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for 30 min. The majority of the formazan precipitate was collected by centrifugation, and
the residual fine precipitate was collected by filtration through a Hybond N membrane.
Unreacted NBT was quantified by its absorbance at 261.6 nm. The combined precipitate
was washed twice with BSS, solubilized with 90% (v/) DMSO. 0.1 (w/v) SDS. 001 N
NaOH and absorbance measured at 715 nm. ‘The molar extinction coefticient of the
formazan product based on the amount of NBT consumed was estimated o be
approximately 18,000 cm™Lmo!" (absorbance per NBT concentration). To test for
Cu,Zn-SOD inhibition of NBT reduction by xanthine/xanthine oxidase. similar experiments

were performed in the presence or absence of 50 pg/mL SOD and 400 U/mL caalase.

Hexose Monophosphate Shunt (HMPS) Activity

HMPS activity was measured as described previously |3] with slight modifications.
Ninety-six hours following treatment of U-937 cells with various inducers, 4.6 x 10° cells
were transferred to 1.5 mL polypropylene microcentifuge tubes, washed by centrifugation
at 600g (IEC Centra) in BSS, and resuspended in 300 pL of BSS containing (.5 mM
D-glucose and 0.646 pCi/mL D-{1-"Clglucose (final specific activity, 1.266 pCifumot).
HMPS activity was initiated by the addition of TPA 10 2 x 107 M and immediately each
tube was transferied to a plastic support contained within a 20 mL glass scintillation vial,
A 2.5 cm diameter GF/A glass fibre filter wetted with 100 pL of 20% (w/v) KOH at the
bottom of the vial, served as a CO, trap. Each vial was immediately sealed with a
Teflon-coated silicone septurﬁ held in place with a screw-cap. Standard scintillation vial

caps were modified with a small hole to allow access to the septum. The vials were
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incubated at 37°C for 1 hr to allow release of [“C]CO, from [1-"C]glucose by the HMPS.

Reactions were terminated and [“C|CO, in solution was released by injecting 100 pL of i
N HCI using a #23 needle and syringe. Vials were heated for 30 min at $0°C, then 30 min
at 37°C to complete mansfer of [“C]CO, to the KOH trap. Vials were cooled at -20°C for 5
min, then opened 1o remove the tube of cells and the support. One mL of H,O was added
to each filter to dissolve |"“CIK,CO, and then 10 mL of Aquasol 2 scintillation fluid was
added. Each vial was mixed briskly and counted in a LKB Wallac 1219 Liquid
Scintillation Counter. As a positive control, equivalent numbers of freshly isolated human

PMNs were assayed for HMPS activity under similar conditions.

Northern A nalysis

Isolation of cDNA Probe Fragments. Cultures for bacterial clones containing
plasmid cDNA inserts for p47™* (clone name p47phox-pK or clone K or p47, gene
symbol NCF1), gp91™* (clone name 379-10, gene symbol CYBB, also called the X-CGD
gene), G6PD (clone name pGD-P-25A; gene symbol G6PD), and SOD (clone name cSOD,
gene symbol SOD-1) were grown in the presence of 100 pg/mL ampicillin. A bacterial
clone containing a ¢cDNA insert for glyceraldehyde-3-phosphate dehydrogenase (clone
name pGAPDH, gene symbol GADPH) was grown in the presence of 50 pg/mL
tetracyclin, Plasmid DNA was isolated from t.hese clones essentially as described in [64].
Purification of plasmid was accomplished by binding to and eluting from a glass powder
suspension. The desired fragments were excised with the appropriate restriction enzyme

(EcoR1 for p47™* and G6PD, Bgl /I and Hind 11l for gp91™® Psz | for SOD-1 and
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GAPDH [65]) and were isolated from 0.8 % agarose gels after electrophoresis in Ix TAC
(40 mM Tris-HCl pH 7.8. 20 mM sodium acetae, 1| mM CDTA) using a glass powder
method.

Isolation of Total RNA. Totl RNA from 96 hr control and differentiated U-937
cells was extracted essentially as described in [66].

Electrophoresis and Transfer of Total RNA. Total RNA was denatred as
described in [66]. 20 pg total RNA was loaded onto vertical 1.2% agarose gels containing
0.2 M formaldehyde, 2 mM CDTA, 20 mM sodium phosphate pH 6.8. Loading bulfer
was added to 5% (w/v) sucrose, 0.005% (wiv) bromophenol blue, and 0.2 mM CDTA.,
After electrophoresis in 20 mM sodium phosphate pH 6.8, 2 mM CDTA at 100 V, gels
were stained with § pg/mL ethidium bromide for 20 min and destained for 20 min in
distilled water for photography under a ultraviolet transilluminator. After soaking in Hx
SSC (1.5 M NaCl, 0.15 M sodium citrate pH 6.1) for 20 min, the gel was transferred to o
hydrated Hybond-N membrane using a vacuum blotting apparatus. Membranes were
washed with 10x SSC for 20 min at room temperature, dried at 80°C for 20 min, and
crosslinked with ultraviolet light for 3 min using a transilluminator.

Frobe Labelling and Hybridization to Immobilized Total RNA. Probe fragments
were labelled with [*P]dCTP using an oligolabelling kit. Membranes were washed in 2x
SSC containing 0.1% SDS, prehybridized with 6x SSC, 5x Denhardt's solution, 0.5% SDS,
50 mM sodium phosphate pH 6.8) containing 100 pg/mL boiled sonicated salmon sperm
DNA for 1 hr at 65°C, and hybridized with 50 ng radiolabelled probe overn ight at 65"C in

hybridization buffer (50 pg/mL boiled sonicated salmon sperm DNA, 6x SSC, 5x
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Denhardt's solution, 0.5% SDS, 5% dextran sulfate, 50 mM sodium phosphate pH 6.8).
Membranes were washed twice in 2x SSC, 0.19% SDS at 65°C for 15 min, followed by wo
washes at 65°C in high swingency wash solution (0.16x SSC. 10 mM sodium citrate pH
6.8, 0.19% SDS) for 15 min each, and exposed 10 pre-flashed x-ray film. Where indicated,
membranes were siripped by heating twice at 100°C in 0.25% SDS, 10 mM sodium citrate

pH 6.8 for 5 min and reprobed with another probe.

Morphological Assessment
Cytospin slides of control and differentiated U-937 cells were prepared at each 24
hr time point until 96 hr. Cells were fixed with methanol for 10 min, stained with eosin

and Wrights stain and examined using light microscopy.

Chemilumninescence Detection of NO- Release from Tetranitromethane

To assess whether TNM might be a NO- donor, a luminol-H,0, chemiluminescence
system for the detection of NO- release was employed as described in [67] with slight
modifications. Briefly, a reaction mixture of 20 mM borate pH 9.4, 20 uM luminol and
150 pM desferal was freshly prepared. TNM was freshly prepared and added 10 the
reaction mixture at concentritions ranging from 5 to 500 nM immediately before starting
the reaction with 10 mM hydrogen peroxide. Integrated chemiluminescence readings were
recorded every 10 seconds for 1 min using a LKB Luminometer at 25°C in a darkened

room.
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Fluorescamine Assay for Protein

U-937 and PMN cell extracts were prepared by resuspending 10 x 10" cells in 1}
uL. water and sonicating on ice using a 30-wait Microson automatic cell disruptor.
Aliquots (1 0 5 pL) of the resulting cell lysates were analvzed lor protein content using a

fluorescamine assay tor detection of amine groups as described in [68].

Statistical Analysis
Dam were analyzed using one-way ANOVA 1ollowed by a post-hoe Tukey -Kramer
test of signiticance difference between means using the computer statistical package Instat2

(GraphPad Software, Inc.. 1993). A p value of 005 was considered 10 be significant.

RESULTS

Fonnazan Staining of Differentiating U-937 Cells

The generation of O,~ by cells with a functional NADPIT oxidase can be detected
by the formation of insoluble formazan from NBT |6Y] in response w TPA stimulation.
Undifferentiated U-937 cells do not have a functional NADPH oxidase but acquire one
during the course of differentiation by RA [39-41]. The optimal concentration of RA was
determined in the range 10” 10 10® M ever a 96 hr time course (Figure 2). RA w 10°M
yielded the highest percentage of stained cells without cytotoxicity (>95% of cells excluded

rypan blue after 96 hr of weaument with 107 10 10° M RA). Vehicle-wremed cells (0. 1%.
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Figure 2. Dose- and time-dependence of RA-induced differentiation of U-937 cells:
Jormazan-staining.

Conwrol (untreated and vehicle meated) and RA-treated (10° to 107 M) U-937 cells
were grown as described in Marerials and Methods. At 24 hr intervals, cells were analyzed
for their ability to reduce NBT to blue-black formazan deposits when stimulated with 200
nM TPA for 1 hr at 37°C. % Formazan-staining cells were scored microscopically. The
results represent the mean * range for 2 independent experiments (except 96 hr 107 M and
10* M RA which represent the mean + SEM of 4 and 5 independent experiments,
respectively).
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ethanol) did not differ from untreated cells in terms of formazan swining (Figure 2) or cell
viability (data not shown). Although 10® M RA treatment was found 1o be cylotoxic.
treatment with the corresponding vehicle control {1.0% ethanol) was not (>95% viable
cells).

The possibility that NO--donating agents could potentiate the eftect of RA as an
inducer of U-937 cell differentiation was investgated. NO- itself is a radical species with a
short haif-life in oxygenated aqueous solutions but its stability and potency can be
increased by complexing with transition metals and proteins w© form nirosyl compiexes
[70] or with thiols to form S-nitosothiols [71-75]. Cysteine (CYS) was tested as a thiol ©
stabilize NO-. Combinations of CYS and GTN were cytotoxic for U-937 cells while CYS
combined with TNM was not.

In the formazan staining assay, RA alone (10° M) induced significant mawration of
U-937 cells compared to untreated cells (Figure 3). For RA-wreated cells, an increase in
percentage of stained cells was detected as early as 24 hr after initial treatment, reaching a
maximum by 48-72 hr. Treatment with the other inducers in combinadon with RA yielded
no or only small increases in the percentage of stained cells over RA alone. GTN on its

own induced differentiation above control cells. Using this assay, essendally 100% of

freshly isolated human PMNs stained positively for NBT reduction (data not shown).

Quantitative Measurements of Formazan Produced by Differentiating U-937 Cells
While counting formazan-staining cells microscopically scores both weakly and

strongly staining cells, total formazan production can be quantitatively determined using a



Figure 3. Percentage of formazan-staining U-937 cells after treatments with various
inducery of differentiation.

Control (untreated) and treated U-937 cells were grown in the absence or presence
of the inducing agent(s) as described in Marerials and Methods. At 24 hr intervals, cultures
were analyzed for their ability 10 form formazan in response 1o TPA, as in Figure 2.
Treatment concentrations: 10° M RA, 0.1 mM GTN, 50 uM TNM, 0.3 mM CYS, 10° M
MOL, 15 uM CAS. a. Shown are the mean + SEM of 7 to 21 independent experiments.
b. Mean * SEM of 3 to 8 independent experiments. ¢. Mean + SEM or range of 2 w0 4
independent experiments (RA is repeated from a. for comparison). Statistically significant
differences: control vs RA p<0.05 at 24 hr, p<0.001 for 48-96 hr; control vy GTN p<0.05
at 72 hr.
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spectrophotometric assay. To confirm the utility of the assay for measuring O, 7.
experiments were performed using human PMNs as well as control and RA-ditferentiated
U-937 cells. O,™ production by PMNs is known 1o be strongly stimulated by TPA.
Despite this, it was observed that the reduction of NBT in PMNs was not significantly
inhibited by SOD but was completely dependent upon the addition of TPA (Figure da);
similar findings have been reporied by others [69]. Even when xanthine/xanthine oxidase
was used as a cell-free generator of O,7, NBT reduction wits only inhibited on average
76% by SOD, while reduction of ferricytochrome ¢ was completely inhibited (data not
shown). Resistance 1o SOD inhibition may be due 1o the formation of an insoluble
formazan precipitate which is inaccessible o SOD. Since the time course of formazan
production by PMNs is: (i) similar to O, production (as observed in terricytochrome ¢
reduction assays [4]); and (ii) is dependent on TPA, NBT reduction was used as a measure
of O, production. As shown in Figure 4b, NBT reduction by RA-induced U-937 cells
was partially inhibited by SOD and entirely dependent upon TPA stimulation.

Figure 5 shows a time course of induction of O, -generating activity as determined
by this procedure. As in Figure 3, the amount of formazan produced by RA-treated cells
was significantly greater than by control cells as early as 24 hr, with further increases
observed up to 96 hr. At 96 hr, weatment with GTN+RA resulted in a slight enhancement
in formazan production (not statistically significant) compared 1o RA treatment alone
(Figure 5a). Between 72 and 96 hr, CYS+RA and TNM+CYS+RA combinations exerted
small but statstically significant increases over RA alone (Figure 5b). One million

differentiated U-937 cells produced the same amount of formazan as 2.8x10% £ 0.7x10°
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Figure 4. Quantitative measurements of formazan produced by human PMNs and RA -
differentiated U-937 cells. Effect of TPA and SOD.

Cells were analyzed for formazan production in the presence or absence of 200 nM
TPA (T) and/or 50 pg/mL SOD, 270 U/mL catalase (S). At the indicated times, cell-
associated formazan deposits were solubilized and the absorbance at 715 nm was measured,
as described in Materials and Methods. a. Freshly isolited human PMNs; mean £ SEM or
range of 2 1o 4 independent experiments. b, U-937 cells, untreated control (C) and treated
for 96 hr with 10° M RA (RA): mean + SEM of 4 to 5 independent experiments.
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Figure 5. Quantitative measurements of formazan produced by differentiating U-937 cells
after treatment with various combinations of inducers.

U-937 cells were grown in the presence of various combinations of inducing agent
as described in Materials and Methods. At 24 hr intervals, the cell number was determined
and cultures were analyzed for their ability 10 produce formazan when stimulated with 200
nM TPA for 1 hr at 37°C. Results are expressed as A,5,,, per 10° cells. Treatment
concentrations as in Figure 3. Statistically significant differences are shown in parentheses.
a. Control and RA treated cells compared to GTN and GTN+RA treated cells (control vs
RA p<0.001 for 24 hr). b TNM and CYS treatments + RA (control and RA-treated cells
are replotted from a. for comparison); mean + SEM of 3 o 7 independent experiments for
both @ and b. (RA vs CYS+RA p<0.05 at 72 hr, p<0.01 at 96 hr. RA vs TNM+CYS+RA
p<0.01 at 72 hr, p<0.001 at 96 hr). ¢. Control and RA treatments compared to MOL and
CAS weatments + RA; mean + SEM of 4 10 5 independent experiments. In a., b. and c.,
p<0.001 for all (+) RA combinations at 48 to 96 hr relative 1o control.
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freshly isolated human PMNs (mean + range, n = 2), tested under the same conditions.
MOL and CAS were slightly effective in enhancing the RA effect (not statistically

significant) (Figure 5¢).

Hexose Monophosphate Shunt A ctivity

The respiratory burst oxidase utilizes NADPH as an electron donor to reduce
diatomic oxygen to O,~. NADPH is regenerated from NADP* by the HMPS pathway
[22,34], the activity of which can be measured by quantification of [“C]CO, generated
from D-f1-"Clglucose [35]. Therefore, as a further indicator of respiratory burst activity,
TPA-initiated HMPS response was assayed at 96 hr after various treatments. All RA
combinations shown in Figure 6 induced statisticatly significant enhancement of HMPS
activity relative to control cells. Combinations of RA and GTN, CYS, TNM+CYS, or
MOL were significantly more effective than RA alone. These agents exerted a much
stronger potentiation of the RA effect on the HMPS (Figure 6) than on the NADPH
oxidase (Figures 3 and 5). The highest observed HMPS activity of differentiated U-937
cells was >25% of the HMPS activity of human PMNs (244 + 0.21 nmol [“CJCO,/10°¢
cellshr for MOL+RA-treated U-937 cells (Figure 6b) compared 10 8.79 % 0.40 nmol for
PMNs (mean + range for 2 independent experiments for PMNs)). GTN alone was able to
mduce TPA-stimulated HMPS activity (Figure 6a) while none of the other inducers alone
were ible to do so (not shown). The basal level (i.e., without TPA stimulation) of
[“CICO, release by induced cells was not different from TPA-stimulated control cells (data

not shown).



Figure 6. Hexose monophosphate shunt (HMPS) activity after 96 hr treatment of U-937
cells with various inducers.

HMPS activity was determined after 96 hr treatment of U-937 cells with RA alone
or in combination with GTN, TNM£CYS, MOL or CAS as described in Materials and
Methods. Results are expressed as nmol [“C|CO, released per 10° cells per hr incubation
in response to 200 nM TPA. a. mean + SEM of 3 to 6 independent experiments, each
performed in duplicate or wripticate. & mean + SEM of 3 independent experiments
performed in duplicate. Treatment concentrations as in Figure 3. Results after TNM and/or
CYS, MOL or CAS wreatments were no different from control and are not shown. The
unstimulated level of [“C|CO, release by induced cells was not difterent from TPA-
stimulated uninduced cells (daia not shown). * = p<0.05 compared 0 RA; ** = p<().0!
compared 10 RA; ¥** = p<(.001 compared to RA; (***) = p<0.001 compared to control,
p<0.001 for all (+) RA combinations compared to control.



Figure 6.

o ol

(1yff0D,, jowu)

Lnanoe SJNH




-28-

Changes in Cell Proliferation

Reduction in the rate of cell growth is a characteristic of differentation. Onset of
growth suppression occurred between 24 and 48 hr after meatment of U-937 cells with RA
(Figure 7), which coincided in time with the major increase in NADPH oxidase activity
(Figures 3 and 5). GTN and, to a small extent, MOL, TNM and/or CYS also reduced cell
proliferation. The combinations of GTN, MOL and TNM+CYS with RA showed greater
growth suppression than RA alone. CAS weated cells grew slightly faster than control
cells, likely because they were resuspended in fresh medium. a procedure not used for
other treatments,

To address the possibility that cytotoxicity rather than difterentiation was
responsible for cessation of growth, viability studies were performed using two dye
exclusion techniques. Similar results were seen using trypan blue and ethidivm bromide
dye exclusion techniques (data not shown). Viability was high (>92%) in all cases and for
all time points up to 96 hr. Only in the case of GTN with or without RA was viability
somewhat reduced (GTN alone was 88 and 79% and GTN with RA was 93 and 85%,

respectively, at 72 and 96 hr).

Synergistic Effects of Low Doses of RA With Other Inducers of Differentiation

If the effects of various agents were synergistic with RA, such cffects might be
expected to be more apparent at lower doses of RA (107 M to 10® M). In terms of
HMPS, GTN, TNM, CYS and TNM+CYS all appeared to be synergistic with RA (Figure

8a). GTN was effective, even in the absence of RA, whereas the other agents were not.
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Figure 7. Growth suppression of U-937 cells after treatment with various inducers.

Cell number was monitored with a Coulter counter at 24 hr intervals after initial
trestment with the indicated inducers. Treatment concentrations as in Figure 3. Results
represent the mean + SEM, where n = 3 1o 40 independent experiments for panel a. , 3 to
18 tor panel b., and 4 to 11 for panel ¢. . Conuol (upper dotted line) and RA (lower
dotted line) curves from a. are redrawn in b. and c. for reference.  Statistically signiticant
differences: conwrol vs RA or GTN p<0.001 for 48 1o 96 hr; RA vy GTN+RA p<0.05 for 48
hr, p<0.001 tor 72 10 96 hr; RA vs MOL+RA p<0.001 a1 96 hr: RA vy TNM+RA p<0.05
at 72 hr; RA vy TNM+CYS+RA p<0.05 at 72 10 96 hr.
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Figure 8. HMPFS activity, formazan production, and growth suppression after 96 hr
treat:ment with suboptimal doses of RA plus GTN, TNM andlor CY S.

U-937 cells were grown in the presence of 0, 107 or 10¢ M RA, alone or in
combination with GTN, TNM and/or CYS for 96 hr as described in Materials and M ethods.
Concentrations of GTN, TNM and CYS are as in Figure 3. RA concentrations are as
shown. a. HMPS activity measured, as in Figure 6. For GTN with RA, the mean + SEM
of 3 independent experiments performed in duplicate or triplicate are shown; for GTN
alone, 6 independent experiments were performed. For TNM and/or CYS with RA, the
mean * range of duplicates for 1 experiment are shown; for these agents alone, 3
independent experiments are shown. b. Percentage of formazan-staining cells, determined
microscopically as in Figure 3; mean + SEM (or range) of 2 10 5 independent experiments.
The results for O RA are repeated from Figure 3. ¢. Quanttatve measurements of
formazin, measured as in Figure 5; mean + SEM of 3 10 6 independent expetiments.
Results for 0 RA are repeated from Figure 5. d. Cell number, determined as in Figure 7;
mean + SEM of 4 1o 7 independent experiments. Resulis for 0 RA are repeated from
Figure 7.
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In werms of the other markers of differentiaticn stwdied, none of the agents in combination
with RA were appreciably different than RA alone (Figures 8b-d). Growth inhibition by

GTN and RA appeared 1o be additive (Figure 8d).

Effects of 24 hr 'Priming" of U-937 Cells With RA

In preliminary experiments, U-937 cells primed for 24 hr with RA and further
incubated in its absence for 72 hr exhibited 60%, 44%, and 68% of the formazan-staining,
formazan-absorbance, and HMPS activities, respectively, and 167% of the final cell
number, of cells that had been continually exposed to RA for 96 hr. These data may
suggest that much of the RA-inducing effect occurs in the first 24 hr. After RA priming,
GTN and TNM were able 10 further decrease the final cell number. In the HMPS assay,
while TNM and/or CYS addition did not result in any further increase after RA removal,
GTN was able to enhance HMPS activity in the absence of RA. These data are consistent
with other observations that GTN can act independently of RA (Figures 3, 6, 7, 8) and

they suggest that GTN muy act additionally along another pathway other than that of RA.

Induction of Expression of Respiratory Burst and HMPS-Related Genes

As another parameter of differentiation, the expression of two respiratory burst- and
one HMPS-related genes was examined by Northem analysis. mRNA for two NADPH
oxidase components, p477** and gp91™*, were induced by RA (shown in Figure 9, as well
as seven other experiments for p47 and four other experiments for gp91™*). (Note: This

induction is more clearly seen in reference [76]). RA induction of these mRNAs was



Figure 9. Changes in mRNA levels associated with differentiation of U-937 cells.

U-937 celis were treated for 96 hr with the indicated agents (treatment
concentrations as in Figure 3). mRNA was extracted from control and differentiated U-937
cells, immobilized, and probed with cDNAs for p47™*, gp91™*, G6PD, SOD and GAPDH
as described in Marerials and Methods. Representative Northern blots are shown here. In
each panel or grouping within each panel, the same membrane has been stripped in between
probings as described in Materials and Methods. mRNA levels for the difterent
components are shown for control and RA-treated cells and combinations with . GTN, b.
TNMZCYS and ¢. MOL. GAPDH was used as a indicator of the amount of immobilized
mRNA. Arrows (») in panels b. and ¢. indicate the positions of the 28S and 18S rRNA.
Also shown ("EtBr") are the ethidium bromide-stained RNA gels prior 1o transfer. Not all
probes were used on membrane b. or c.; nevertheless, results from other membranes using

the other ptobes do not show further enhancement of RA by TNM+CYS or MOL and so
they are not included here.
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further enhanced by GTN (shown in Figure 9a, as well as one other experiment tor p47
and four other experiments for gp91™*). Expression of G6PD. the first and rate-limiting
enzyme in the HMPS pathway, was enhanced by RA compared to control (Figure 9, as
well as three other experiments), even more so when combined with GTN (Figure Ya, as
well as four other experiments). Interestingly, GTN alone was able 10 slightly enhance
G6PD expression relative to the conwol (Figure 9a, as well as three other experiments).
There was no further enhancement of RA effects by the other inducers when combined
with RA (Figure 9b and c. SOD mRNA levels were slightly reduced by RA (Figure 9a,

as well as four other experiments but not so for the two shown in Figures 9b and c¢).

Morphological Changes During U-937 Differentiation

Immature U-937 cells resemble monoblastic cells [37]. During their differentiation,
U-937 cell size has been reported to increase, their nuclei become more imegular and
lobated, the cytoplasm becomes more vacuolated, and the cells demonstrate increased
adherence (although this latter property can be the result of hydrophobic agents that alter
membrane hydrophobicity and does not necessarily indicate differentiation [37]). In this
study, control U-937 cells allowed to reach saturation density became slightly more
adherent 1o tissue culture dishes and to neighbouring cells. Upon treatment with RA and
its combinations, the cells became even more adherent and actually smaller in size than
control cells. Cytospin slides were prepared for control and differentiated U-937 cells
every 24 hr up to 96 hr. Cells cultured for 96 hr with RA displayed morphological

changes associated with monocytic differendation (Figure 10). RA-treated cells and their
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Figure 10. Morphological changes during U-937 celi differentiation.

Stained cytospin slides were prepared from U-937 cells treated for the indicated
umes with the following inducers (treatment concentrations as in Figure 3):

From top to bottom: Left-hand side Right-hand side

Control, 24 hr Contol, 96 hr

RA, 24 hr RA, 96 hr

GTN, 96 hr GTN+RA, 96 hr
TNM, 96 hr TNM+CYS+RA, 96 hr

MOL+RA, 96 hr CAS+RA, 96 hr



Figure 10.
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nuclei became smaller in size as the relative amount of cytoplasm generally decreased with
ime. While control cell nuclei were more regular, ound or oval in shape, and more
centrally located, RA-treated cell nuclei became irregular, with the majonity
horseshoe-shaped or segmented. Nucleoli became less prominent and fewer in number in a
shorter time in RA-treated cells. The appearance of the cytoplasm weni from fairly smooth
to uneven with numerous small vacuoles. In all cultures, the proportion of mitotic cells
also decreased with time as expected. Treatment with the potential NO--donors along with
RA resulted in a more heterogeneous mixture of cells in terms of size and nuclear
morphology, with the occasional presence of megakaryocyte-like cells. Treatment with
GTN, CYS, MOL or CAS alone more or less resulted in cells of similar morphology o
conwol cells (unlike TNM alone which produced cells with large, extensively vacuolated

cytoplasm and frequently the megakaryocyte-like appearance).

NO- Detection

To determine whether TNM possesses any NO- -like character, a luminol-H,0,
chemiluminescence system in which NO- is believed to react with H,0, to form
peroxynitrite (ONOO" ) which in tm reacts with luminol to generate light [67,77,78], was
used. TNM gave a swong chemiluminescence signal in this system (data not shown). In
the absence of H,0,, TNM alone gave a moderate signal suggesting that it may generate

peroxy nitrite.



DISCUSSION

In this part of my thesis. conditions that promote maximal differentiation of U-937
cells with respect to the respiratory burst NADPH oxidase were explored. The acquisition
of a functional oxidase is commonly detected by stimulating cells with TPA and staining
with NBT. Activation of a functional oxidase generates O.= which reduces WBT 10
insoluble formazan. A procedure in which the total formazan precipitate is solubilized and
quantified spectrophotometrically was developed to provide a more quantitative measure of
O, production. RA was found to be a potent inducer of differentiation of U-937 cells
with respect to the respiratory burst. The optimal concentration of RA used here (10* M;
Figure 2) exceeds that used by others to differentiate 1J-937 cells or HL-60 cells (107 M 1o
10° M) [39,40,48]. In those reports, however, 10° M RA was not tesied although the
percentage of formazan-staining cells continued to rise with increasing RA concentration.
Whether other agents could enliance differentiation induced by RA was also explored.
Potental activators of guanylate cyclase were investigated since NO- donors and cGMP
analogs have been shown to induce differentiation of HL-60 cells [53,59]. GTN alone was
able to induce an elevated percentage of formazan-staining cells compared to control ceils
while TNM2CYS, MOL and CAS were not (Figure 3). In combination with RA, GTN,
MOL and CAS each produced only small increases above RA alone. Similarly, only small
increases in fonmazan production measured spectrophotometrically were seen for GTN,
CYS, TNM+CYS, MOL and CAS in combination with RA compared to RA alone (Figure

5). Potentiation by these agents was not more evident at suboptimal concentrations of RA
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(Figure 8b and 8c), thus, RA was clearly the major inducer of NADPH oxidase.
Differentiated U-937 cells, under optimal conditions (Fi gure 5), can generate at least 2.8
times as much O,7 per cell as PMNs. This may be due to the fact that U-937 cells are
larger in size and contain 5 dmes more protein than PMNs (data not shown).

HMPS activity was assessed as ancther marker of differentiation since NADPH, the
product of this biochemical pathway is needed for respiratory burst acavity. In contrast to
the relatively weak effect on the induction of NADPH oxidase, the induction of HMPS by
RA was very strongly potentiated by the other agen's tesied (Figure 6), even at lower doses
of RA (Figure 8a). GTN was able to induce HMPS, even in the absence of RA. None of
the other NO--donating drugs tested could induce HMPS in the absence of RA. GTN, like
MOL and CAS, is a NO--donating drug but it differs from the others in that it can induce
HMPS activity on its own. This suggests that some action of GTN, other than its
NO--donating ability, may be involved in the induction of HMPS activity. On the other
hand, MOL and TNM and/or CYS were similar 1o GTN in their ability to suppress cell
growth in the absence of RA (Figure 7).

Induction of NADPH oxidase and HMPS were also examined at the mRNA leve)
(Figure 9). An increase in p47™* and gp91™* mRNA levels was observed with RA
treatment. The observed increase in NADPH oxidase activity (Figures 2-5) may, in part,
be awributable 1o the increased expression of t};ese components. Either RA or GTN alone
were able to increase G6PD expression, and their combination resulted in a furtherr
increase. These data are consistent with the observation that GTN in the absence of RA

induced HMPS éct:ivity (Figure 6). Induction of NADPH oxidase mRNAs [79,80] and/or
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proteins {81] by RA has been reported for HL-60 cells, which undergo granulocytic
differendation with RA, but not yet for U-937 cells, which undergo monocytic
differentiation with RA. Increases in p477™ and gp91™" mRNA levels have been
observed with TPA-induced monocyuc differentiation of U-937 cells [79]. During tumor
necrosis factor and/or interferon-y- induced monocytic differentation, increased gp91™*
mRNA levels were observed for U-937 cells [82]. Co-induction of the NADPH oxidase
with the HMPS in terms of mRNA levels with any agent has not yet been demonstrated
untl now. Levels of SOD mRNA decreased slightly with RA, less so than reported for
TPA-differentated U-937 cells [83] or THP-1 cells [84] into monocytic cells.

The merphological changes seen during U-937 cell differentintion were largely
consistat with monocytic differentiation (Figure 10). Monocytic differentiation is
characterized by decreased cell and nuclear size, ground glass-like basophilic cytoplasm
(stains blue) with prominent vacuolization, indented, kidney-shaped or lobulated nuclei
with convoluted chron:atin, increased adherence, decreased number of nucleoli, and villous
plasma membranes with blunt pseudopods [85). Neutrophils, although exhibiting decreased
cell and nuclear size as well as lobulated nuclei, differ in that they have a fairfly acidophilic
cytoplasm (stains pale pink), lack blunt pseudopods and have more prominently staining
granules [85].

In summary, RA is largely responsible for the induction of the respiratory burst in
terms of the NADPH oxidase and the HMPS, as well as in the reduction of cell
proliferation and morphological differentiation. GTN alone displays some differentiation-

inducing ability as indicated by an increase in percentage of formazan-stained cells,
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increased HMPS activity, reduced cell proliferation. and induction of G6PD mRNA.
When combined with RA, GTN potentiates RA-induced differentiation in all endpoints
siudied. The effects of GTN, MOL, CAS, and TNM+CYS appear to be largely limited by
the presence and dose of RA, suggesting that either the ta.get of GTN, TNM or CYS lies
ownstream of the RA target or that the stability or half-life of the RA molecule itself is
increased by the other agents. Others have reported that RA may be required to prime
U-937 cells for differentiation [39]. In HL-60 cvlis, RA-induced expression of p677™* was
more slowly upregulated than pp47™ [81). Keeping in mind that a fully active respiratory
burst requires a multitude of components (reviewed in [10]) and convergence of a4 number
of signalling pathways (reviewed in [18]), RA-induced U-937 cells might be limited in a
component or pathway that the other agents might aid in overcoming. Due 1 the
cdmplexity of the pathways leading to acquisition of full respiratory burst activity,
however, it is difficult to delineate the precise mechanisms by which GTN, MOL, CAS,
and TN Mi(;YS are able o potentate the action of RA in U-937 cells.

While the mechanism of GTN, MOL and CAS act:on may be more understood
(i.e., NO--mediated activation of cGMP pathways and other effects as reviewed in
[56,86,87]), the mode of action of TNM, not previously been shown to be a NO-: donor, is
unclear. In this study, using a luminol-H,0, ckemiluminescence method for NO- detection,
TNM yielded a positive signal suggesting that it may donate NO-. In addition to being a
potential NO- donor, TNM may also spare endogenously producad NO- from attack by
O, since TNM is known to react very rapidly with O, [88]. TNM is also a known

nitrating agent that converts tyrosine residues to 3-nitrotyrosines [89] as does peroxynitrite
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[89.,90], which might also be produced by TNM. Moditication of tyrosine residues in
proteins by TNM could possibly inhibit signatling pathway's that require tyrosine
phosphorylation thereby promoting differentiation. It has been shown that inhibitors of
protein tyrosine kinase activity such as genistein can induce myelomonocytic differentiation
[91-93]. Lastly, TNM might be converted 10 other reactive oxygen species. TNM. at
concentrations =10 pM, induces a substantial number of DNA breaks in human PMNs

(unpublished observations by others in our labuii.uy).

SUMMARY FOR PART A

U-937 cells can be induced to differentate into O, -producing cells by RA, an
effect enhanced when combined with GTN, MOL, CAS and TNMzCYS. In the absence
of RA, only GTN is able t increase NADPH oxidase/HMPS activitics and GOPD mRNA
levels, as well as reduce cell proliferation. These data suggest that a NO-/cGMP pathway
can augment RA-mediated induction of U-937 differentiation. GTN may act additionally
by another pathway independent of RA. Since U-937 cells are growing prior to induction
of differentiation with the conditions described above, they are amenable 1o genetic

manipulations which are not possible in mature monocytes or granulocytes.
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PART B: Development of Heparanase Activity Assays for Monitoring U-937
Differentiation and Cloning and Characterizing Heparanases

INTRODUCTION
Objective

Heparanase is an enzyme that specifically cleaves the glycosaminoglycan heparan
sutfate (HS). My objective in this part of the thesis was to improve existing and develop
new heparanase activity assays: 1) to assess whether heparanase would be useful as another
U-937 differentdation marker (mature leukocytes have been shows to exhibit heparanase
activity [94]); 2) 10 aid in cloning a cDNA for heparanase on the basis of enzymatic
activity; and 3) 10 characterize heparanases. Since very litle was known about the primary
structure of heparanase, a more sensitive and easy-to-perform heparanase assay was

required for use in cloning than was currently available.

Background

The extracellular matrix (ECM) is composed mainly of (ibrous proteins (such as
collagen, elastin, fibronectin, and laminin) and polysaccharide glycosaminoglycans (GAGs)
(such as hyaluronic acid, chondroitin sulfate, dermatan sulfate, keritan sulfine and heparan
sulfate). Heparan sulfate (HS) is a major GAG in basal laminae which are ECM structures
that separate epithelial cell layers from underlying stroma [95,96]. Metastatic tumour cells
can degrade the local ECM to gain access to the bloodsiream or lymphatics and invade the
endothelial wall and ECM at some distal site 1o establish u’metasmsis (Figure 11). The

invasion process is believed to involve the action of both matrix proteases and



Figure 11. Diagrammatic representation of the tumowr cell environment and metastasis.

A cell becomes modified in a tissue, as shown in &, such that it proliferates to form
a mass of localized tumour cells (or benign wmour) as shown in &.. Further modifications
may allow wmour cells 1o become invasive, permeabilizing the basal lamina and underlying
stroma, as shown in ¢., to gain access to the bloodstream (or lymphatics) and travel to
distant sites to form secondary tumours.

(adapted from reference [95)], p. 957)
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GAG-degrading enzymes such as heparanase. While many of the mawrix proteases have
been cloned (including various collagenases, cathepsins, stromelysin, urokinase
plasminogen activator, plasmin and elastase [96]), none of the GAG-degrading enzymes
had been cloned (until very recently).

HS is a linear polysaccharide consisting of repeating disaccharide units [97]. The
basic disaccharide unit consists of an amino sugar (N-acetylglucosamine) and an uronic
acid (either D-glucuronic acid or its epimer at carbon 5, L-iduronic acid), thereby giving
rise to the term glycosaminoglycan (Figure 12a). Variations in the HS molecule exist in
the extent and position of substitutions (namely N-ucetylation, N-sulfation, and O-sulfation)
not only within the disaccharide unit but throughout the HS molecule as well, since
segregation of specific sequences may occur [97]. There are at least ten different
monosaccharides 197) and 16 types of linkages possible and it is estimated that 10* types
of mammalian HS are theoretically possible [98). In addition to the heterogeneity in type
of and distribution of negative charge (created by suifate and carboxy! groups on the three
basic monosiccharides), the number of residues in the chain may vary considerably even
from a single source. Isolated HS preparations represent mixtures of molecules at different
stages of biosynthesis, from different cells and different proteoglycans (see below). It is
not even clear if the primary sequence of HS is completely defined and characteristic of a
particular cell or proteoglycan to which it is attached [97]. Such diversity in composition,
charge and size might dictate susceptibility to recognition and degradation by different
isoforms of heparanases. This complex heterogeneity also renders HS and other GAGs

rather ditficult 1o study.
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Figure 12. Heparan sulfate glycosaminoglycans and proteoglycans.

a. Basic disaccharide unit structure of heparan sulfate glycosaminoglycans.

The basic disaccharide unit consists of N-acetylglucosamine and either D-glucuronic
acid or its epimer at carbon 5, L-iduronic acid. Glycosidic linkages between adjacent N-
acetylglucosamine and uronic acid residues are a(1->4) and those between the uronic acid
and N-acetylglucosamine residues are either B(1->4) or o{1->4) if the uronic acid is
D-glucuronic acid or L-iduronic acid respectively. On average, 50% of the glucosamine
residues are N-sulfated and 50% are N-acetylated. O-sulfation occurs on
N-sulfoglucosamine residues and/or on the uronic acid residues adjacent o
N-sulfoglucosamine residues. As noted in the figure (middle panel), on average, there are
25 to 75 disaccharide units in each HS chain, with 0.2 10 2.0 sulfives per disaccharide uni,
giving M, ranging from 10,000 1o 30,000.

b. Trisaccharide linkage to serine residues on protein core of proteoglycans.

HS chains are attached to core proteins to form proteoglycans. A D-glucuronic acid
from the GAG chain is attached to a galactose-galactose-xylose trisaccharide linker region
which is O-linked 1o specific serine residues of the core protein. In more detail, the linker
region is as follows: -(1->4)-B-D-glucuronic acid-(1->3)-B-D-galactose-( 1->3)-B-D-
galactose-(1->4)-B-D-xylose-(1->3)-L-serine. While there are generally more HS chains in
ECM HSPGs than membrane HSPGs, the number of HS chains on HSPGs is typically 3 w0
8 but can reach up 10 40. It is possible that HS chains wre clustered at specific regions in
the protein core containing serine-glycine repeats.

(Reference.: [97])
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HS exists primarily in the ECM and at cell surfaces covalenty linked to a core
protein in the form of a proteoglycan (HSPG, heparan sulfate proteoglycan), connected via
a galactose-galactose-Xylose trisaccharide linker region which is O-linked w serine (Figure
12b) [99]. In the ECM, particutarly in basement membranes, HS chains on HSPGs (such
as periecan [100]) repulse one another and extend outward 1 form a highly hydrated
gel-like matrix that, depending on the magnitude of negative charge or hydrophilicity and
the number of HS chains, confers either rigidity or tlexibility to the local enviropmcm.
This matrix serves to embed and to specifically bind structural (eg. collagen 1, 111, 1V) and
acdhesive (2g. fibronectin and laminin) ECM proteins [97,100] and w sequester ions {eg.
Ca™). The matrix also acts a molecular sieve to allow selective passage of witer, ions,
nutrients and metabolites and serves as a physical barrier t inhibit cell migration [101].
HSPGs are also found associated with cell membranes of most mammalian cells whether
by insertion into the plasma membrane as integral proteins or by a phosphatidy linositol
lipid anchor or interaciion with a cell-surface receptor 197,100,102}, Cell surface HSPGs
(such as fibroglycan, syndecan and glypican) have been shown to bind matrix proteins (eg.
collagen type I, 1II, IV, fibronectin, thrombospondin, tenascin, cell adhesion molecules)
[99-101]. Such HSPGs are believed 10 mediate cell-matrix and cell-cell interactions.

The role of HS has more recently been proposedi to be much more diverse as it is
believed to specifically bind a number of molecules including growth factors (eg. basic and
acidic fibroblast growth factor, ransforming growth factor-beta), hormones,
neurotransmitters, vascular enzymes (eg. blood coaguiation enzymes, lipoproteir: lipase,

elastase, and extracellular superoxide dismutase), cytwkines (eg. granulocyte-macrophage
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colony stimuating factor, interleukin 3). antthrombin I and thrombin, apolipoproteins,
DNA polym.cruse and transcription factors [97.100-103). The protein core of HSPG itself
may bind molecules (eg. ransferrin and hyalwonate) [97]. Although some of the above
are in viiro observations, HS has been implicated to serve as a molecular reservoir and
means of regulation of diverse cellular and/or dssue functions such as cell adhesion, cell
proliferation and differentiation, leukocyte migration into dssucs during inflammation,
bloca coagulation, angiogenesis. morphogenesis, platelet aggregation, wound healing,
antigen presentation, and gene regulation [97.101,102]. Current research has focused on
identification of the putative molecular binding sites on HS and the mechanisms conwolling
their binding such as proteoglycan expression or degradation. Plasma membrane HSPG
turnover may occur by endocytosis followed by intracellular breakdown by proteolytic,
endoglycosidic and exoglycosidic cleavage or by shedding into growth medium while
ECM HSPGs may be degraded by secreted or membrane-associated heparanases [97,104]
zlc;ting in concert with proteases [96,100,102,105,106].

Heparanases are endoglycosidases. Most have been found 1o be
endo-B-D-glucuronidases, which hydrolyze 3(1->4) linkages between D-glucuronic acids
and N-acetylglucosamine residues [96]. Heparanases release oligosaccharides of between
one-third to one-thirteenth the original size yielding fragments of M, about 5 to 10 kDa
{104.107.108]. Therefore, there are only a few hits per HS molecule. Most heparanases
have been shown to have pH optima between pH 5 and 7.5 [94,96,109-112]. Because the
structure of HS bears close resemblance 10 the anti-coagulant heparin (also a GAG stored

intracellularly in and released from mast cells) differing mainly in higher glucuronic acid,
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lower N- and O-sulfate and higher V-acety! content [101]. some heparanases digest
heparin. At least three types of mammalian hepararases have been identified [96.104): 1)
those that digest HS but not heparin (eg. melanoma, fibrosarcoma. liver. neutrophil,
macrophage, lymphocyte [108.109,113-117]). 2) those that degrade both HS and heparin
(eg. human platelet [110.112}]): and 3) those that degrade heparin preferentially (eg. mouse
mastocytoma [96]). Specificity also arises depending on the source of the substrate, as HS
from different tissues vary in size and composition [100,118].

Because HS has been implicated as a molecular reservoir and regulator of many
processes especially these affected by cell-matrix and cell-cell interactions (as discussed
above), heparanase is believed w0 be an impozta~t regulator of the biological activities of
HS [96]. Altered heparanase expression or activity may contribute to diseased states,
including tumour metastasis. The importance of cloning and characterization of heparanase

is clear,

The Heparanase Cloning Project and The Problem at Hand

As mentioned earlier, there was little amino acid sequence information available on
heparanase. This is due to the considerable difficulty that other workers have encountered
in purifying heparanase sufficiently to permit for sequencing of the protein. Until very
recently [110], no group has been successful in purifying heparanase to homogeneity. Our
collaborator and a prominent researcher in the field, Dr. 1. Vlodavsky, has experienced
great difficulty in obtaining pure heparanase (personal communication). Protein sequencing

has repeatedly revealed contaminating proteins in his enzyme preparations. Jin et al.
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reported that they had raised antibodies to an N-terminal peptide fragment of B16 mouse
melanoma heparanase |119] which they used to clone the ¢DNA for human heparanase
from a Agtll library (as reported in an abstract in 1992 [120] but the sequence of which
they have not yet published). We raised antibodies to a synthetic peptide corresponding to
their published peptide sequence and screened our Agill cDNA expression library using
mRNA from KNRK (Kirsten murine-sarcoma-virus-transformed gormal rat kidney cells)
cells which we had identified to have strong heparanase activity in our standard PAGE
assay (described below). A pure clone was obtained based on specific immunoreactivity of
the protein product lowards the antibody and was subjected 1o nucleotide sequencing. We
found that the published sequence corresponded to a 94 kDa glucose-regulated protein
(GRP94) or endopiasmin, a molecular chaperone that may have co-purified with their
heparanase [68]. Furthermore, the expressed protein failed to exhibit heparanase activity as
had been reported by the original authors [120].

Because of the potental difficulty in purifying heparanase ourselves, we decided to
screen & cDNA expression library on the basis of heparanase activity rather than sequence
information. Using the process of "sib selection”, the library (prepared from cells
exhibiting hepuranase activity) would be divided into pools of clones, grown, then extracts
would be prepared from a portion of each pool and examined for heparanase activity, while
the remainder of each pool is stored. A "hepa;"dnase-posiﬁve" pool would then be further
subdivided, grown and a portion tested for heparanase activity until a pure clone for
heparanase is obtained. Several heparanase activity assays have been described in the

literature (see below). While each has its advantages and disadvantages, none seem suited
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for the proposed "sib selection” screening of our expression librury. An optimal assay
should allow rapid and facile processing of large numbers of samples and should be
sensitive enough to detect small levels of heparanase activity in pooled cell extracts. Thus,
It was my objective here to improve our existing heparanase assay (Chapter 1) and to
develop a more sensitive and quantitative assay suitable for screening purposes (Chapter
ITI) and for characterization of heparanase in KNRK cells (cells that had not previously
been characterized in 1erms of heparanase activity)} in addition to assessing heparanase
activity in differeniiating U-937 cells for its possible use as another differentiation marker

(Chapter II).

Synopsis of Existing Heparanase A ssays

One type of heparanase assay involves in vivo labelling with 1¥S]SO,* of
subendothelial matrix GAGs produced and deposited by endothelial cells onto polystyrene
plates [107,114,121). The cell layer is dissolved away with detergent and ammonium
hydroxide leaving intact ECM with the bulk of the label incorporited into HS. Test
extracts are added to the plates and heparanase activity is measured as the release of S
label im0 the supematant. Although the described assay is easy to perform, it suffers from
the disadvantage Lﬁat proteolytic activity may contribute significantly to the release of
radiolabel, since HS is immobilized 1o the polystyrene via proteins. This would lead o a
large number of false positives for heparanase activity. Furthermore, the substrate is
labelled at relatively low specific activity.

A variation on the above assay involves more extensive proieolytic digestion [114]
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or cleavage by [-elimination [110], thereby releasing intact [*°S]-HS chains for use in a
soluble assay. Chondroitin sulfates and hyaluronic acids are digested away by
chondroitinase and hyaluronidase, respectively [114]. After purification of the HS. test
extracts are incubated with the soluble substrate and HS product fragments are separated by
size using gel filration chromatography. The elution profiles of pre- and post-digestion
samples are compared to assess heparanase activity. Although less prone to interference by
proteolytic degradation, this method is rather cumbersome in that it involves running
multiple columns per analysis and collecting multple fractions per test sample,

Separation of HS fragments on the basis of size and charge can also be achieved
using polyacrylamide gel electrophoresis (PAGE). This method forms the basis of our
present assay which [ refined as part of my project (refer to Figure 14). Size fractionation
of commercially available HS substrate is performed to obtain the highest molecular weight
fraction to increase the chances of detecting digestion. Afier digestion of the soluble
substrate and separation of products on PAGE, the gel is stained with methyléne blue, a
basic dye which binds to acidic macromolecules such as HS. Because HS is
heterogeneous with respect to size and charge, undigested HS appears as a smear in the gel
when sttined. Digestion of HS is indicated by a shift from lower 1o higher electrophoretic
mobility. This assay is subject to interference by other polyanionic molecules such as
nucleic acids or acidic proteins which, therefore, must be routinely removed with extensive
micrococeal nuclease and proteinase K digestion prior 1o PAGE separation. While this
assay may be sensitive enough to perform sib selection screening of an expression library

(it can detect activity in 5 pg of cell extract which may represent 0.5 ng heparanase), this
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assay is not as rapid and easy-to-perform as is desired for screening purposes.  For general
purposes, this heparanase assay is reliable: however. the information gained from this type
of analysis is qualitative. Even if densitometry of stained gel is to be performed. the shift
is often subtle particularly in cases where heparanase activity is low. Since there are only
a few hits per molecule, only strong heparanase activity results in the charucteristic shift.
Furthermore, relatively large amounts of HS (1 to 2 pg) are needed to be visible on the gel
when using methylene blue dye. Although other cationic dyes such as alcian blue [122
provide more sensitive detection of HS, these dyes also stain nucleic acids and acidic
proteins which, again, must be removed. Thus, it is clear that a simpler and quantitative
heparanase assay is most desirable.

Nicolson et al. employed a solid-phase substrate approach [123]. HS is labelled by
N-desulfation of N-sulfo-D-glucosamine residues using DMSO solvolysis (Chapter 111) and
introduction of [“CJacetyl groups to the newly formed amino groups on D-glucosamine
using [*“Clacetic anhydride. The substrate is immobilized by reductive amination of the
reducing terminus to introduce a terminal amino group (Chapter [il) which is covalently
coupled to amine-reactive Affigel 15 beads. Heparanase activity is detected as release of
[“C]-labelled HS fragments into the supernatant. The advantages of this assay are that
separation of reactants and products is relatively easy and fast, and protein or nucleic acid
removal is unnecessary. With such an assay, even one hit per molecule could be detected.
The disadvantages are that large amounts of {**C|-acetic anhydride are needed o label HS
with enough specific activity, loss of negative charge upon N-desulfation may affect

recognition and digestion by heparanase, and, more importantty, immobilization of the
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subsirate to a bulky agarose bead might sterically hinder the access of heparanase w0 HS.

Proposed Approach to the Problem

In developing a more sensitive, easy-to-perform and quantitative heparanase assay.
we followed some steps of the solid-phase [C|HS assay with several modifications
(Figure 13). To relieve steric hindrance imposed by the large bead. biotin can substituted
onto i terminal amino group introduced by reductive amination (Figure 13a) or.
alternatively, directly onto the terminal aldehyde in the native HS molecule (Fi gure 13b).
Instead of [MClacety| labels, fluorescent tags can be introduced onto N-desulfated
glucosamine residues (Figure 130 and 13b), thereby increasing the sensitivity of detection,
reducing the amount of substrate required and eliminating the use of radiolabel altogether.
This system would allow for less restricted digestion since it would be performed in the
soluble phase. Subsequent binding of the biotin-contining fragnents 10 a biotin-capture
system (such as streptavidin or avidin) and measurement of the fluorescence ot the
non-bound fraction in a fluorometer would provide a quantitative measure of heparanase
activity (Figure 13c). Besides the initial substrate preparation, the assay itselt would be
rapict and easy-to-perform and would thus be suitable for screening purposes. The only
potential problem with this assay might be impaired recognition and/or digestion of the
substrate due to loss of charge upon N-desulfation (as in the [PC)HS assay )} or introduction
of the hy:.i"ophobic and bulky fluorescent probe. These are not likely to interfere 10 a large
CXICI‘li since mammalian endoglucuronidases are believed 1o cleave linkiges between

D-gluewronic and N-acetylglucosamine residues in regions of low N- (and O-) sulfation



Figure 13. Substrate and assay design for the proposed fluorescence-based heparanuse
assay.

a. After reductive amination of the reducing end of the native substrate with sodium
cyanoborohydride (NaBH,CN) and ammonia (NH,), a biotin can be introduced to the newly
formed amino group using the amine-reactive succinimidy! ester analog of biotin (shown
here with a spacer arm for extension, biotin-XX-succinimidyl ester). Partinl DMSO
solvolysis liberates N-sulfates from N-sulfo-D-glucosamine residues leaving behind amino
groups to which fluorescein can be attached using FITC.

b. As an alternative method for preparing the substrate, the terminal aldehyde at the
reducing end of native HS can be directly coupied to biotin using biotin hydrazide. DMSO
solvolysis and fluorescein labelling would be carried out as in a

¢. One configuration for the proposed fluorescence-based assay would involve digestion of
the fluoresceinated, biotinylated substrate with heparanase, binding of the digests to
immobilized avidin or streptavidin to capture biotinylated fragments, and collection of the
unbound fragments to be quantified using a fluorometer.
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197] and the presence of N-sulfate and O-sulfate groups are not essential for full activity
[124].

Such a sensidve. rapid and easy-to-perform fluorescence-based assay would greatly
facilitate the sib selection screening process. Furthermore. the proposed assay would
provide quantitative measurements of heparanase activity useful for characterization of
various heparanases and assessment of heparmnase activity during the course of U-937 cell

differentiation.
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CHAPTER 1. REFINEMENT OF THE PAGE ASSAY

Our standard heparanase assay consisted of PAGE separation and methylene blue
staining of HS degradation products. The PAGE assay is useful for qualitative analysis of
heparanase activity (Chapter 1I) as well as a reference assay 1o monitor the integrity and
digestibility of HS after chemical modifications (such as in Chapter II1). The PAGE assay
wias modelled after one reported by Nakajima er al. [94] 1o which modifications were made
to optimize conditions for detecting hepiranase activity.

An outline of the steps and a representative result of the refined PAGE assay is
shown in Figure 14, The final procedure for the PAGE assay is provided in detail in the
figure legend. The presence of heparanase activity is indicated by a decrease in staining in
the upper area of the HS smear (such as above the arrows shown) rather than an increase
in staining in the lower area (out of which lower molecular weight HS fragments tend to
diffuse during electrophoresis or soaking, and in which background staining due to the
extrict tends 10 be most prominent). For every test reaction (usually denoted as “16 hr"),
three controls are typically set up for incubation in the presence of reaction buffer to be
processed similarly as the test reaction: 1) HS alone (usually denoted as "HS") to assess
the mobility of undigested HS: 2) incubated exiract to which HS is added after the
incubation ("0 hr" co-incubation) to determine whether cell extract components interfere
with HS staining or mobility; and 3) extract alone (usually denoted as "ext”) to assess the
contribution of the cell extract towards background staining by methylene blue. The "0 hr"

conwrol is sufficient as the only control; however, the other controls facilitate interpretation
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Figure 14, Refined standard PAGE assay and a representative result.
The finalized refined PAGE assay is described in detadl below,

Confluent monolayer cultured cells gypically 3 10 10 x 10" cells) are washad with Ca™* and
Ma*-free phosphate bullered saline (PBS) and ranoved from tissue culiure plies by incubation st
37°C in 2 CO, incubator for 5-10 min with PBS containing 2 mM EDTA. Cells are pelleted by
centrifugation at 700g for 10 min at 4°C in a Centra-7R refrigerated centriluge (nermational
Equipment Co.). The cell pellet is resuspendad in 10 mL PBS, centrifuged again, resuspended in |
mL PBS, transfermad to a microcentriluge wbe and spun for 1 min room em peraure (R 3 low
speed in a deskiop microcentrifuge. Suspension cells are nanoved from culture medium by
centrifugation at 700y at 4°C for 10 min and washed twice in PBS by centritugation. Whole cell
extricts are prepared by sonication in working heparanase extraction bulier (30 mM MOPS pH 7.5,
1 mM PMSF (freshly added from 20x stock in methanol), 5 mM NEM, Q055 (wA) sodium azide,
0.1 mM CDTA, 50 uM chymostatin (Ireshly added from LI dilution in water of i 10 mM stock in
DMSQO), and 2 ug/mL aprotinin (freshly added from 1:50 dilution in water of a 2 mggn L, stock in
water)} on low seting (power 1 seiting ol @ S0-wart Microson wnomitic ¢ell disruptery twice lor §
seeonds on ice (cooling in between pulses). and glycerol addition w a tingl coneentranion ot 20-304
(v} Protcin concentration of extracts is determined using i Nuorescamine assay lor protein [68].
Extracts are stored a -20°C.

HS is size-fractionated using gel filtration chromaogrphy.  Sephadex G-75 wesin is
hydrated by beiling in CT (10 mM Tris-HCL, pH 7.5, | mM CDTAY. A9 mm x 115 an column is
prepared and cquilibrated with CT. Typically, 100 10 200 pL ol 10 mgin . bovine Kidoney 1S in
water is added © the column and eluted with CT at a ow rate of approxinuaely 10-12 drops pr
minute.  Aficr about 45 drops have anerged, two o three drop [ractions are cotlected ino suall
glass test tubes. 1 ub aliquots rom cach HS clution fraction are spotied on a Hybond-N nwan brime,
air-dried and 1ested for the presence of HS by staining with 0.1% (wiv) methylene blue in S04
cthanolAvater (v/iv) for 10 min, and destaining in water. Every tuee wo louwr conseeutive B18-
containing fractions arc pooled W obtain three pooled fractions (cach abow SO0 ul. of 1 ugful. 11S).
The first high molccutur weight pooled fraction (HMW#1) is routinely used in the PAGE assay.

Extract (typically 50 ug/10 uL. reaction) is incubated without (shown as "ext™) or with
(shown as "16 hr"y 2 ug HMW#1 HS in 20 mM cacodylate pHl 6.1 a1 37°C ovemnight. A "0 ™
control consists of extract incubated in the absence of HS. A HS alone control ("HS”) consists of
HS incubated in the absence of extract.  After incubation, reactions are treated with 0.1 U
micrococcal nuclease (MNase) per 10 pL reaction in 1x MNase buller (1 mM CaCly, 10 mM Tris-
HClpH 9.5) m 37°C lor 110 2 ln. 2 ug HS is added 10 0 hr conwrols and reactions are further
treated with § ug/10 ub. protcinase KAL1% SDS at 60°C tor | o 2 hr. Loading butler is added ©
the samples © 16% glycerol containing 1 mM CDTA,

7.5% PAGE gels in 1x TAC (@0 mM Tris/20 mM sodium acetate, pil 7.8, | mM CDTA)
containing 0.025% (wiv) ammonium persullate and 0.1% (vi) TEMED are prepared from o 30%
acrylamide/bisacrylamide (19:1) mix. Samples aie run in 1x TAC for 3010 40 min at 100V using
the Bio-Rad Mini Protcan IT apparatus. Gels are souked [or 20 min in unning water, stained with
0.1% (wiv) methylene biue in 50% (v/v) cthanolAwater for 20 min and destained in running water
for 50 to 60 min. Gels are dried under vacuum belween fayers of pre-moisiened BioGel Wrap, with
3M paper as an underlying suppon, using a Bio-Rad Model 583 gel dryer at 60°C for 45 min.

In the representative gel shown, 60 ug KNRK (Kirsten murine-sarcomi-virus-transfonmed
normal rat kidney cells) or B16F 10 {murine metanoma celisy extracts were incubated at 37°C
overnight with 2 pg bovine kidney HS. Heparanase activity is indicated as a decrease in staining in
the upper portion of the HS smear (such as above the indicated arrows (—s,é=)).
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and identification of the major contributors 1 background staining i present.
The following chapter outiines the moditications that were made 1 the original

protocol 1o arrive at the refined PAGE assay as described in Figure 14.

L1. Size Fractionation of HS and Polyacrylamide Gel Electrophoresis Conditions

HS was fractionated by gel filration chromatography to isolate the high molecular
weight (HMW) fraction from the heterogencous starting material. The rationale behind
performing the fractionation was that the longer the HS molecule used in the digest. the
greater the probability of digestion and the number of cuts. This would result in greater
size differences between starting material and degradation producrs and therefore easier
visualization of the differences when separited (eg. by PAGE),

Among various chromatographic systems tested (including cellutose-ucetate
electrophoresis and thin layer chromatography (TLC)), a PAGE-based method was found
to be best suited to good separation and resolution. Nukajima et al. [94] had described the
use of toluidine blue to stain HS on polyucrylamide gels. The basic dye, methylene blue,
was chosen for our purposes since greater sensitivity of detection was achieved with
methylene blue in comparison to toluidine blue (not shown).

Results and Discussion:

A methylene blue stained membrane of elution fractions from a typical size
fractionation of bovine kidney HS by gel filtration is shown in Figure 15a. Elution using
buffer at pH 7.5 was optimal for the separation, while at higher pH (8.0 or above), the

elution peak became too broad (not shown). In the latier case, residual HS was retained on



Figure 15. Typical elution profile of HS size fractionation and PAGE separation of pooled
Jractions.

Sephadex G-75 resin was hydrated by boiting in CT (10 mM Tris-HCI, pH 7.5, |
mM CDTA). A 9 mm x 11.5 cm column was prepared and equilibrated with CT. 140 pL
of 10 mg/mL bovine kidney HS in water was applied to the column and eluted with CT wt
a flow rate of approximately 10-12 drops per minute. Two drop tractions were collected
after 45 drops had emerged.

a. Methylene blue staining of elution fractions 10 test for the presence of HS. In the
sample fractionation shown, 1 pL aliquots from each HS elution fraction were spotted on i
Hybond-N membrane, air-dried, stained with 0.1% (w/v) methylene biue in 50%
ethanol/water (v/v) for 10 min, and destained in water.

b. PAGE separation of pooled HS fractions. In the sample fractionation shown in a.,
fractions 3 10 6 were pooled to form HMW#1 (HMW = high molecular weight), fractions 7
1o 10 were pooled to form HMW#2, and fractions 11 to 14 were pooled to form HMW#3.
Each pool {(about 500 pL) contained approximately 1 pg/pL HS. 7.5% polyacrylamide gels
in 1x TAC containing 0.025% (w/v) ammonium persulfate and 0.1% (v/v) TEMED were
prepared from a 30% acrylamide/bisacrylamide (19:1) stock. 2 pL of each pooled fraction
or unfractionated HS (shown as "TOTAL") was electrophoresed on 7.5% PAGE for 30
min, stained for 20 min with 0.1% (w/v) methylene blue in 50% (v/v) ethanol/water,
destained for 60 min with water and dried in under vacuum between one upper and two
lower layers of pre-moistened BioGel Wrap, with 3M paper as an underlying support, using
a Bio-Rad Model 583 gel dryer at 60°C for 45 min.



Figure 15.
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the column even with extra addition of buffer, suggesting increased non-specific binding to
resin. Typically, three or four consecutive HS-contining fractions were pooled to obtain
three HMW fractions (Figure 15b), the first (HMW#1) of which was chosen for use in
PAGE assays. (For a comparison of digestion of towl versus fractionated bovine Kidney
HS in the PAGE assay, refer to Figure 23a.) The HMW#1 fraction contiins enough
substrate for at least 250 determinations.

In testing condittons for PAGE separation, electrophoresis in 1x TAC buffer (40
mM Tris/20 mM sodium acetate, pH 7.8, 1 mM CDTA) gave beuer separation thin
barium acetate buffer (not shown). Due to the heterogeneous size and charge distribution
of HS, HS produced a broad smear in the gel when stained. The initid 30 min run (Figure
15b for example) was later extended to 40 min (Figure 14 for example) for beuer
separation and easier visualization of changes in mobility. To prevent transfer of
methylene blue to the 3M paper support when drying with a gel dryer, two layers of
BioGel Wrap were used underneath the gei instead of one. Background staining by
methylene blue of SDS in SDS-containing samples (SDS would be remaining after the
proteinase K digestion of reactions as described later in section [.3; for an example, refer 10
Figure 23b) was eliminated by soaking geis in running water for 10 to 20 inin prior to
staining, allowing SDS to diffuse out of the gel. With prolonged soaking (>1 hr), lower

molecular weight material tended to diffuse out of the gel.

1.2. Preparation of Cell Extracts

The following experiments were performed to establish the optimal method for
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preparing celi extracts for obtaining maximal heparanase activity and least interference due
to background staining in the PAGE assay. Being the most promising in terms of
heparanase activity, most studies were performed using KNRK extracts.

Cells were harvested and washed as described in the legend of Figure 14. To each
washed cell pellet was added 100 pL. working heparanase extraction buffer composed of;
50 mM MOPS pH 7.5, | mM PMSF (freshly added from 20x stock in methanol}, 5 mM
NEM, 0.05% (w/v) sodium azide, + 0.5% (v/Av) Triton X-100, + 0.1 (w/v) CHAPS, + 0.1
mM CDTA, = 50 pM chymostatin (freshly added from 1:10 dilution in water of a 10 mM
stock in DMSQ), + 2 pg/mL aprotinin (freshly added from 1:50 dilution in water of a 2
mg/mL stock in water). Cells were subsequently processed in either one of two ways: 1)
mixed briskly by vortexing, incubated at 0°C for 1 hr, centrifuged at 17,300g in a Sorvall
RC-5B Superspeed Centrifuge (Dupont Instruments) at 4°C for 20 min to pellet out
insoluble material (nuclei, membranes, etc.) and the supematant or the "soluble” extract
was treated with 0.02 units micrococcal nuclease (MNase) for 20 min at 37°C (to remove
DNA and RNA) and stored at 0°C; or 2) subject to rapid freezing/thawing and/or
sonicating on power 1 setting of a 50-watt Microson automatic cell distupter twice for 5
seconds on ice with cooling between pulses, with or without glycerol addition to the lysate
to a final concentration of 20-30% (v/v), and storage at -20°C. Protein concentration of
cell extracts was assessed using a fluorescamine assay for protein as described in [68].
Results and Discussion:

The heparanase extraction buffer, modetled after Jin et al. [1 19], was essentially the

- same with the exception of MOPS, pH 7.5 being used in ptace of Tris-HCl, pH 7.5 and the
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additon of more protease inhibitors. There seems 0 be no requirement for detergents such
as Triton X-100 or CHAPS in the extraction buffer for extracting heparanase activity in
KNRK cells (data not shown).

MNase-treated soluble cell extracts (i.e., nuclei, membranes removed) were
originally prepared to reduce the amount of contaminating nucleic acids that would
contribute to background staining by methylene blue in the gel. Addidon of CDTA w0
extracts 10 chelate Ca™ remaining after MNase treatment prior to heparanase digestion very
slightly improved heparanase activity in KNRK and NRK (gormal rat fidney) cells (Figure
16a). This may indicate that heparanase does not require and/or is inhibited by Ca® (or
other divalent cations) or that CDTA addition may inhibit divilent cation-dependent
proteinases that would normally degrade heparanases or other required protein factors.

The low heparanase activities represented in Figure 16a were obtained from 40 hr
incubations of soluble KNRK or NRK extract with HS. Digestion was more apparent with
longer incubation (72 hr as in Figure 17a). Whole cell extracts, rather than soluble
extracts, yielded stronger heparanase activity in a shorter time (less than 16 hr for KNRK
as seen in Figure 17b) and more reproducible results over time. This might suggest
heparanase may require the presence of or it itself is associated with the insoluble
membrane fracion. Tumour cell heparanase activity has been detected in intact cells as
well as with cell homogenates [94,109,125] suggesting a plasma membrane association or
secretion of heparanase from the cell. Thus, whole cell extracts were subsequently used in
digests rather than soluble extracts. The use of whole cell extracts, however, demanded

that MNase and proteinase K treatments be increased accordingly (sec Section L.3. below).
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Figure 16a. Addition of CDTA to soluble extracts after MNase treatment prior to the
PAGE assay.

Soluble (i.e., minus nuclei, membranes) extracts from confluent KNRK and NRK
cells were prepared {with Triton X-100, and without CHAPS, chymostatin, or aprotinin in
the extraction buffer) and MNase treated (0.02 U MNase for 20 min at 37°C) as described
in Section L2, 2 pL of each extract was incubated with approximately 2 pg of HMW#1
fraction of bovine kidney HS in 20 mM cacodylate buffer pH 6.1 at 37°C for 40 hror 0 hr
in the presence or absence of 50 pM CDTA. In parallel, equivalent amount of extract was
incubated in the absence of HS ("0 hr" control) at 37°C for 40 hr after which 2 pg HS was
added and separately, 2 pg HS alone was incubated at 37°C for 40 hr. Reactions were
added to lyophilized proteinase K/urea (5 pg proteinase K/5.8 pL of 10 M stock urea),
incubated at 60°C for 1 hr and electrophcresed 30 min on 7.5% PAGE, stained, destained
and dried as described in Section L.1. Heparanase activity (here it is slight) is indicated as a
decreased staining in the unper portion of the HS smear in 40 hr digests compared to
controls (0 hr and HS ¥iurss).

Figure 16b. Determination of optimal MNase concentration for treatment of whole cell
extracts.

Whole cell extract was prepared from confluent KNRK cells using heparanase
extraction buffer without Triton X-100 or CHAPS and with chymostatin, aprotinin, and
CDTA as described in Section 1.2. The lysate was sonicated and stored at 0°C until needed.
50 pg protein equivalent aliquot of KNRK extract in 20 mM cacodylate pH 6.1 and ix
MNase buffer (1 mM CaCl,, 10 mM Tris-HCI pH 9.5) was incubated for 1 hr at 37°C with
0t 0.2 U MNase. Samples were added to lyophilized proteinase K/urea (5 g proteinase
K/5.8 pL of 10 M stock urea), incubated at 60°C for 1 hr and electrophoresed 40 min on
7.5% PAGE, stained, destained and dried as described in Section I.1. MNase is effective in
removing higher molecular weight nucleic acids indicated here as a decrease in staining of
the slower migrating material (four.d in the upper portion of the gel).



Figure 16.
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Furthermore, 10 avoid possible proteolyiic degradation of heparanase prior 1o assaying for
its activity, MNase treatment should be performed after incubation with HS rather than
before. Due to this change in procedure, CDTA was added 1o the extraction buffer rather
than after the MNase treatment.

Sonication was found to be as or more effective in disrupting cells than vortexing
or freeze/thawing without compromising heparanase activity. This was indicated by
complete cell permeability to ethidium bromide upon visualization of lysed cells under 2
fluorescence microscope.

Glycerol was later routinely added to protect the extract from repeated freezing and
thawing for assays. The extracts prepared in this way were very stable {at least for KNRK
cell extracts) and could be stored at -20°C for several months without significant loss of
activity even after repeated freezing and thawing (even after 6 months). Interestingly,
Ledbetter et al. has also reported that storage increased the amount of active heparanase

[110].

L3. Background Removal
In the paper by Nakajima et al. [94], incubation mixtures were centrifuged to
remove cell debris and a portion of the supernatant was applied 1o a gel. However, since
nucleic acids and acidic proteins also stain with methylene blue, complete removal of these
interfering components was desired before PAGE separation to minimize background.
Background removal after incubation with HS was accomplished using MNase and

protcinase K treatments. Incubations with MNase were carried out at 37°C in 1x MNase
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reaction buffer. Incubations with proteinase K were carried out at 60°C with or without
denatrating agent (urea or SDS).
Results and Discussion:

Originally, MNase treatment of extracts was performed in bulk before incubation
with HS (describerd above in Section L2). To prevent any loss of heparanase activity due
to proteolysis that might also occur during the MNase incubation. MNase treaunents were
subsequendy performed after incubation with HS. As stated earlier, whole cell lysates
yielded stronger heparanase activity and more reproducible results compared with that
obtained with soluble extracts. With subsequent use of whole cell extracts, MNuse
treatment was to be modified accordingly. One hr incubation at 37°C with 0.04 10 008 U
MNase for 50 pg protein in the KNRK extract was sufficient to remove interfering nucleic
acids that stained in the upper area of the gel (where high molecular weight HS is expected
1o stain) (Figure 16b). The standard MNase treatment was therefore increased from .02 U
per 100 pL extract (i.e. 0.2 mU/pL) at 37°C for 20 min 1o 0.1 U per 10 pL reaction (= 10
mU/pL) at 37°C for 1 to 2 hr. It should be noted that MNase treatment could also be
performed at 45 or 55°C. After HS digestion using soluble cell extracts, proteinase K
treatment originally consisted of 2 pg/10 pL proteinase K at 60°C for | hr. With the use
of whole cell extracts, this was increased to 5 pg/10 pL reaction (60°C for 1 hr).
Combined proteinase K/urea treatment (addition of reaction to lyophilized sample of 5 pg
proteinase K and 5.8 pL of 10 M stock uren) at 60°C for 1 hr was effective in removing
protein; however, the presence of urea often resulted in aberrant ianes in the PAGE gel,

characterized by very intense staining dlong lane edges and lighter staining in lane centres
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(refer w Figures 17b-d, 18, or 19 for examples). As an alternative, proteinase K digestion
was performed in the presence of 0.1% SDS. This was equally effective; however,
because the anionic SDS also stained strongly by methylene blue in the gel (eg. Figure
23b), an additonal 10 to 20 min soaking step in water was incorporated inio the protocot

as described earlier in Section I.1.

L4. Conditions for Heparanase Digestion Reaction and Appropriate Controls

In the oiiginal paper [94], digestion of 50 pg HS with 40 ug cell extract (+ boiling)
was performed in 0.1 M sodium phosphate, 0.2% Triwon X-100, 0.15 M NaCl, pH 6.0 at
37°C after which 2 plL. supernatant of a 70 pL centrifuged digest was applied to a gel. For
our studies, reactions were carried out at 37°C in 20 mM sodium cacodylate pH 6.1,

Triton X-100 was not added to the reaction buffer since it was not found to be necessary
for activity (Section 1.2.). Heparanase activity has been characterized to be a relatively
slow enzyme [94]. We had found that digestion of HS by B16F10 was evident after 4 1o 8
hr. Thus, an overnight (typically 16 hr) digestion was routinely performed.

Equivalent protein amounts of whole cell extract (typically 50 ng per 10 pL
reaction) were added to HS (1 to 2 pg per 10 pL reaction) and incubated in 20 mM
sodium cacodylate buffer pH 6.1 at 37°C overnight. After the incubation, the reactions
were treated with MNase and proteinase K and subjected to PAGE analysis (described in
Figure 14 legend).

sults Discussion;

20 mM cacodylate buffer pH 6.1 was chosen as the reaction buffer, although
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digestion also occurred equally well in sodium acetie pH 6.0 (Figure 20,

Unlike the 50 ug HS that were required in the original assay [94], we were able
detect heparanase activity with 1 or 2 yg HS given a similar amount ot extraect. Thus, our
PAGE assay consumes less substrae.

Initially, as a "0 hr" control. a reaction containing HS and extract was held w 0°C
for the same time as the test reactton (instead of boiling the extwact). However, it was
found that heparanase activity could be detected in this control (not shown) indicating that
heparanase may be active at °C. To correct this. the "0 hr" conwol was moditicd such
that the extract was incubated with the reaction buffer for the equivalent amount of time as
the test samples, eated with MNase at 37°C as for the test samples alter which 1S was
added prior 1 or during the proteinase K treatment at §5 o 60°C (a temperature at which

heparanase would be inactive).

LS. Swmmary for Chapter I

After various moditicution steps, the PAGE assay was tinalized as shown in Figure
14. The entire process from the setting up the reactions w PAGE tukes about 22 hours.
Preparation of extracts takes less than an hour, Size fractionation of S is performed in
bulk and therefore is only necessary when substrate ns neccled.

The most notable change in the procedure is the use of whole cell extracts rher
than post-membrane fractions for incubation with HS. With whole cell extracts,
heparanase activity appears to be much more active and stable suggesting heparanase is

largely associated with the insoluble fraction. MNase and proteinase K treatments
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effectively remove background staining material that might obscure results.
The PAGE assay, although not quantitative nor highly sensitive, does yield
consistent results and it is suitable for qualitative analyses in the characterization of
heparanases and HS substrates. For the proposed fluorescence-based assay, it is useful for

monitoring the intactness and digestbility of HS substrates after chemical modification.
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CHAPTER II. APPLICATION OF THE PAGE ASSAY IN THE ATTEMPTED
CLONING AND CHARACTERIZATION OF HEPARANASE AND IN ASSESSING
THE USEFULNESS OF HEPARANASE AS A U-937 DIFFERENTIATION MARKER

The PAGE assay described in Chapter 1 was applied to various aspects of the
cloning project (Section IL1. and I1.2.). This included ideniification of cells with the
strongest heparanase activity from which a cDNA expression library would be construcied.
verification of the specificity of a putative anti-heparanase antibody, and "sib selection”
screening of an expression library for heparanase activity. The PAGE assuy was further
used to characterize and compare heparanases in a variety of cell types in terms of level of
heparanase activity, substrate preference, and sensitivity to inhibitors (Section I11.3.).
Among the cells compared in the PAGE assay were U-937 control and difterentiated cells’

(Section 11.4.). This chapter outlines the application of the PAGE assuy in these studics,

IL1. Swurvey of Different Cell Types for Heparanase Activity and Testing of Purified HS
Endoglycosidases

PAGE assays were performed on a survey of cell tines 1o find: 1) the cell line
having strongest heparanase activity from which a cDNA library would be constructed, and
2) the cell line having minimal or undetectable hepuaranase activity to serve as an
appropriate host for a mammalian expression vector system. Two purified HS
endoglycosidase enzymes, a commercial source of bacterial Heparinase 11 (Hep 11I) and
human placental heparanase (0,MM) from our collaborator Dr. I. Viodavsky, were also
tested in the PAGE assay for their potential use as positive controls for use in the

development of the new fluorescence-based heparanase assay. Hep 11 is different from
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heparanase in that it is a heparin o-lyase, rather than a hydrolase, cleaving between
6-0-sulfated N-sulfoglucosamine and 2-O-sulfated iduronic acid residues by an elimination
reaction [97] rather than a hydrolysis reaction.

Results and Discussion:

Of the cells tested, most were negative with respect to heparanase activity when
bovine kidney HS was used as a substrate with the exception of KNRK, B16F10 (Figure
14), NRK (Figure 17a), and freshly isolated human lymphocytes (Figure 17c¢).

Of the positive cell lines, KNRK exhibited the swongest heparanase activity (eg.
Figure 14, 17a and 17b). Based upon this result, mRNA was extracted from KNRK cells
and used to generate a cDNA library [68]. B16F10 (Figure 14) and NRK (Figure 17a)
cells possessed heparanase activity, although weaker. Interestngly, B16F10 heparanase
activity was greater when cells were harvested from confluent cells that were on the verge
of lifting off the culture plates. The significance of this observation is not clear, NIH 373,
HL-60, U-937, and TK6 cells lacked heparanase activity while HSC 93 cells were
marginally active (Figure 17b). TK6 cells were later found o be appropriate hosts for a
mammalian expression library (Section 11.2.5.). (Note: Primary rat embryo fibroblast cells,
Rec, and a derived line, RecRas (both prepared by S. Bennett), were also found to be
negative with respect to heparanase activity (not shown)). Human lymphocytes possessed
heparanase activity while mature granulocytes (PMNs) did not (Figure 17c).

Others have also found that fibroblast cells are negative with respect o heparanase
activity [96,109]. However, in this study, human leukemtia or lymphoma cell lines (U-937,

HL-60, HSC 93, and TK®6) and fresh PMNs were not active, conwrary 0 the reports of
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Figure 17. Heparanase activity in various cell lines and purified enzyme preparations.

Cell lines, other than U-937, were maintained in DMEM containing 10% fetal calf
serum (FCS} for up to four weeks. U-937 cells were cultured in RPMI 1640 containing
10% FCS for up 1o four weeks. At confluency, monolayer culwres (including B16F10 in
Figure 14), NRK, KNRK, NIH 3T3, Rec (not shown) and RecRas (not shown) cells) were
passaged by first washing in PBS, lifing in PBS containing 0.05% trypsin, and diluting into
fresh medium. Suspension cells (HL-60, HSC 93, TK6, and U-937 cells) were maintained
by dilution into fresh medium. Human PMNs were freshly isolated from healthy donors as
described in {6] at which time lymphocytes were also recovered from the density gradient
and washed in balanced salt solution (BSS). Whole cell extracts from confluent cells or
late log cells were prepared as described in Figure 14 (except for soluble KNRK and NRK
extracts used in a. which is described in Chapter [, Section [.2.). Digests with purified
bacterial HS lyase Heparinase III (Hep III) were performed in 1x Hep III reaction buffer
(0.25 M sodium acetate pH 8, 2.5 mM CaCl,). Digests with cell extracts or puritied humin
placental heparanase (o, MM) were performed in 20 mM cacodylate pH 6.1. Extracts and
purified enzymes were suvjected to the PAGE assay, as described in Figure 14, using
bovine kidney HS as a substrate.

a. ~ 40 pg KNRK or NRK soluble extracts were incubated at 37°C for 72 hr or 0 hr with |
ng bovine kidney HS. KNRK and NRK heparanase activites at 72 hr are indicated as
decreases in the staining of slower migrating material (in the upper portion of the gel)
compared to 0 hr and HS contols.

b. 56 pg KNRK, NIH 3T3 (murine fibroblastic cell line), HL-60 or U-937, or 50 pg HSC
93 (human lymphoma cell line), or 60 ug TK6 (human lymphoblastic cell line) extracts
were incubated at 37°C for 16 hr or O hr with 2 pg bovine kidney HS. KNRK heparanase
activity at 16 hr is indicated as a decrease in staining of slower migrating material (in the
upper portion of the gel) compared to 0 hr and HS controls. Similarly, marginal activity is
seen with 16 hr HSC 93.

¢. 67 pg PMN and 35 pg lymphocyte extracts were incubated at 37°C for 16 hror 0 hr
with 2 pg bovine kidney HS. Lymphocyte heparanase activity at 16 hr is indicated as a
decrease in staining of slower migrating material (in the upper portion of the gel) compared
to the 0 hr control.

d. 5 mU Hep III, 133 pg o,MM, 267 or 533 pg o,MM or were incubated at 37°C for 16 hr
with 2 pg bovine kidney HS. (HS alone control lane for 133 pg oMM is found in Figure
14. HS control lane for 267 and 533 pg «,MM is found in Figure 27 right-hand side). Hep
III strongly digests HS as indicated as a marked decrease in the staining of slower migrating
material (in the upper portion of the gel) compared to HS alone conwol. Similarly, a,MM
heparanase appears to be active at 133 pg and slightly active at 267 pg.



Figure 17.
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others [94.111,114,115.126,127]. It has been noted that PMN heparanase activity is very
low compared to B16 murine melanoma heparanase [127]. Those cells that I found w be
negative for heparanase activity may have heparanases that have different substrate
preferences other than bovine kidney HS. It is therefore not be surprising that the nwo
kidney cell lines, KNRK and NRK, were able to digest bovine kidney HS relatively well.
Invasive cells such as B16F10 murine melancma cells may lack substrate specificity and
therefore be able to digest different sources of HS with greater ease. It is tempting w©
speculate that the stronger heparanase activity observed in KNRK cells relative to NRK
cells is due to transformation by Kirsten-ray since heparanase activity is elevated in highly
metastatic cells [94,96,109,119]. |

Two purified HS-degrading enzymes were tested in the PAGE assay to investigate
their potential use as positive controls in the development of the new assay. Hep 111
(Figure 17d; Figure 21d) was found to extensively digest bovine kitdney HS (here 5 mU;
minimum about 0.3 mU as in Figure 23e). oMM was not active at several concentrations
ranging from 1.3 to 53 pg protein/10 pL reaction (not shown). It was, however, slightly
active at 133 pg or 267 pg but not atlhigher concentrations (such as 533 pg/10 pl.
reaction) (Figure 17d). (This inactivity may have been due to the higher concentration of
salt as greater amounts of enzyme were added.) Therefore, Hep III was chosen as a more

suitable positive control.
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IL2. Application of the PAGE Assay To the Heparanase Cloning Praject

A Agtll bacteriophage library was constructed from the mRNA of KNRK cells
{described in [68]), a cell line that we had confirmed to exhibit heparanase activity using
our standard PAGE assay (Section I1.1.) and that Dr. Vlodavsky had shown to be active
using both *S-ECM and gel chromatography assays. Initial screening of the library for
heparanase was performed using primary antbodies raised 10 a synthetic keyhole limpet
hemocyanin-peptide conjugate corresponding to the N-terminal sequence of a putative
heparanase [68] as published by Jin ez al. {119]. Several experiments were performed to
characterize the specificity of these antibodies.

1L.2.1. Testing for Inhibition of Heparanase by Primary Antibodies to the
N-Terminal Peptide Fragment of the Putative Heparanase

Others in our lab prepared and used antibodies to detect the presence of the
putative heparanase peptide sequence in KNRK cells by immunoblot analysis [68].
Immune serum RBISS yielded particularly swong immunoreactivity 10 a 98 kDa protein
from our heparanase-positive cell lines, KNRK and B16F10. 7This corresponded to the
molecular weight of the original melanoma heparanase reported by Jin et al. (96 w0 97
kDa) [96,119]. Immune serum RB8ISS also detected a 210 kDa protein found in positive
clones from the Agtl1 library. This corresponded to the predicted molecular weight of the
B-galactosidase fusion protein. Furthermore, the observed immunoreactivities described
above were competed out by excess peptide, indicating that the antibodies were specific for
the peptide. However, immune serum R8ISS also detected (equally strong) a 98 kDa
protein in U-937, HL-60, Rec and NIH 3T3 (not shown), cell lines that were all shown to

be negative with respect to heparanase activity in the PAGE assay (Section II.1.). This
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would suggest that either the antibody was not specific tor heparnase or that the
conditions of the heparanase assay were not optimial to detect activity in these cells,
Therefore, as a test of the specificity of the antibodies owards heparanase, the possibility
of inhibition of heparanase activity by the antibodies was investigated using the PAGE
assay.

Results and Discussion:

Neither pre-immune (PreSIR8) nor immune sera (R8ISS) inhibited KNRK
heparanase (Figure 18a). The same was tue for immune sera from eight other rabbits
(Figure 18b). In the event that heparinase activity was present in the ser itself (in which
case KNRK heparanase may falsely appear active although inhibited by the antibody),
pre-immune and immune sera were incubated with HS (in the absence of KNRK extract).
Heparanase activity was not found in any of the sera (data not shown). Together, these
results suggest either that the antibodies recognize an epitope different from the active site
or that they do not recognize heparanase at atl.

11.2.2. Heparanase or heat shock protein?

While the antibody screening of the Agtl1 library was being carried out in our
laboratory, there were unpublished reports that the original published heparanase peptide
sequence was actually that of a heat shock protein that had co-purified with heparanase
rather than heparanase itself. This would suggest that heparanase may normally be
complexed to or its folding may be mediated by such heat shock proteins. This prompted
an investigation into the effect of heat shock on KNRK cells. Using conditions of heat

shock that were sufficient to induce heat shock protein (hsp) 70 transcription, others in our
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Figure 18. Absence of inhibition of KNRK heparanase by putative anti-heparanase peptide
antibodies.

a. To test for possible inhibition of heparanase activity by the antibodies, 50 ng KNRK
extract was incubated either 16 hr or 0 hr at 37°C with 2 pg bovine kidney HS in the
presence or absence of 0.5 pL. immune sera sample R8ISS ("IS") or pre-immune sera
sample PreS1 R8 ("Pre”) and subjected to the PAGE assay as described in Figure 14.
(Note: Proteinase K/urea treatment and 30 min electrophoresis were performed in the
experiment shown). KNRK heparanase activity at 16 hr, indicated by a decrease in the
staining of slower migrating material (in the upper portion of the gel) compared to 0 hr or
HS controls, is neither inhibited by immune nor pre-immune sera.

b. Immune sera from eight different rabbits were tested for possible inhibitory effects on
heparanase activity. 45 pg KNRK was incubated with 2 pg bovine kidney HS in the
presence or absence of 0.05 pL. equivalent of immune sera samples obtained from rabbits 1
to 8 ("R1" 1o "R8") for 16 hr or 0 hr at 37°C and subjected to the PAGE assay as in Figure
14. KNRK heparanase activity at 16 hr, indicated by a decrease in the staining of slower
migrating material (in the upper portion of the gel) compared to 0 hr or HS controls, is not
inhibited by immune sera from the eight rabbits.
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laboratory found no induction of the putative heparanase sequence by Northern analysis
and no increased expression of the protein by Western analysis (not shown). This initally
suggested that the published sequence was probably not of a heat shock-induced protein.
To complement this study, exiracts prepared from control and heat shocked KNRK cells
and tested in the PAGE assay to determine whether heat shock induced heparanase
activity. Increased heparanase activity might resuit due o increased stability of the protein
when complexed with induced heat shock proteins, rather than increased heparanase
transcription or translation.

Resul iscussion:

Heat shock did not appear to alter KNRK heparanase activity (Figure 19). This
would suggest that heparanase activity was not enhanced by induction of heat shock
proteins. Thus, neither the expression nor activity of heparanase was found to be heat
shock-inducible.

I1.2.3. Immunoselection of Agtll Clones Containing the Putative N-Terminal
Heparanase Sequence and Testing for Heparanase Activity Using the PAGE Assay

Bacterial lysogens from the Agtil library were grown and immunoselected on the
basis of reactivity towards the putative anti-heparanase antibody by M. DeVouge [68].
Competition by excess peptide was used to verify the specificity of the antibody-antigen
reaction in positive clones. A single such clone was isolated and purified. Bacterial
lysates were prepared from the positive clone and subjected w the PAGE-based heparanase
assay to determine whether the clone exhibited heparanase activity (assuming that
heparanase expressed in bacteria was active, as it has been reported in an abstract [120] but

never published).
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Figure 19. Heparanase activity is not induced by heat shock.

KNRK cells were heat shocked for 1 hr at 43°C (5% CQ, in air) and further
incubated at 37°C for 90 min to allow for heat shock response t© occur. Cell viability was
not altered by this treatment (as assessed by trypan blue staining). S0 pg whole cell
extracts were prepared and incubated with 2 pg bovine kidney HS in 20 mM cacodylate pH
6.1 for 16 hr or 0 hr. Reactions were added 1o lyophilized proteinase K/urea, incubated at
60°C for 1 hr, elecrophoresed 40 min on 7.5% PAGE, stained, destained and dried as
described in Figure 14. KNRK heparanase activity at 16 hr, indicated by a decrease in the
staining of slower migrating material (in the upper portion of the gel) compared to 0 hr or
HS controls, is not induced by heat shock.

Figure 20. Absence of heparanase activity in immunoselected Agtl11 clones.

Bacterial lysates were prepared as described in [68). Briefly, cells were pelleted at
1000g for 5 min at RT, resuspended in 0.02 volumes of original culture of 10 mM Tris-
HCI, pH 8.0, 150 mM NaCl, 0.1 mM CDTA, frozen quickly in liquid nitrogen, and stored
at -100°C until needed. Once thawed, PMSF was added to 2 mM and lysozyme to 0.25 .
mg/mL. The suspension was incubated at 0°C for at least 1 hr to lyse the cells. To reduce
viscosity, the lysates were sonicated twice for 15 seconds at power setting 5 on a 50-watt
Microson automatic cell distupter, cooling on ice in between pulses. Protein content of
lysates was measured using the fluorescamine assay for protein. 50 pg of KNRK extract or
bacterial lysate were incubated with 2 pg bovine kidney HS at 37°C for 16 hr or 0 hr in 20
mM cacodylate pH 6.1 and subjected to the PAGE assay as described in Figure 14, "A"
and "10-4" refer to the non-recombinant and recombinant clone respectively. "-IPTG" and
"+IPTG" refer to uninduced and induced bacterial cultures respectively. Induced
recombinant bacterial clones immunoselected by the putative anti-heparanase antibodies do
not display any heparanase activity at 16 hr as indicated by the absence of a decrease in the
staining of slower migrating material (in the upper portion of the gel) compared to 0 hr or
HS controls (as seen with KNRK heparanase at 16 hr).



Figure 19.
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Results_and Discussion:

The bacterial clone positve for specific reaction to the putative anti-heparanase
antibody was negative with respect to heparanase activity using the PAGE assay (Figure
20). This could be due to inappropriate expression, insolubility and/or absence of required
processing of the protein in bacteria rendering the enzyme non-functional. However, taken
together with the above findings, it is also possible that the original peptide sequence was
not part of a heparanase. In the same paper, we have shown that the published N-terminal
sequence used to generate the putative anti-heparanase antibody rather encodes for
endoplasmin (GRP94, glucose-regulated protein of 94 kDa), a molecular chaperone [68].
This would suggest that GRP94 had been co-purified with heparanase (slthough we cannot
rule out that heparanase may contain part of the same sequence as found in GRPY4),
GRP94 is a stress-related protein having significant homology to the heat shock proteins,
hsp70 and hspS0 [128]. This finding is not necessarily inconsistent with our heat-shock
experiments since GRP94 is induced under stress conditions such as glucose deprivation
[94] rather than heat-shock.

1.24. Sib Selection Screening of the Agtll Library Using the PAGE Assay

As an alternative screening strategy, the Agtli library could also be screened on the
basis of heparanase activity using the PAGE assay and a sib selection approach,

Results and Discussion:

To calculate the number of cells in a pool and the number of pools of cells to be

screened, it was first necessary to determine the minimum amount of KNRK extract that

would be needed w detect heparanase activity in the PAGE assay. Using bovine lung HS
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as a substrate, this minimum amount was determined 1o be anproximately 5 ug extract
protein (Figure 21) (less than 10 pg for bovine kidney HS (not shown)). 5 ng extract
protein corresponds to about 0.5 ng heparanase (i conservative esimate based on Dr.
Vlodavsky's 10,000 fold purification of placentul heparanase). Assuming that heparanase
may account for roughly 5% of the protein of an extract from a pure clone of induced,
heparanase-expressing bacterial cells, at least 2.5 pg of 50 pg protein typically used in a
PAGE assay would be heparanase itself. Diluting a pure clone 300x with
non-heparanase-expressing cells would mean that 50 pg bacterial extract would contain
only about 8 ng heparanase, which should be readily detectable using the PAGE assay.
Thus, our 90,000 clone library was divided into 300 pools of 300 cells. After culturing,
half of each pool was stored and the other half was used to prepare lysates that were
subjected to the PAGE assay (work by H. Song in our laboratory). With this procedure,
even after a second round of screening, none of the pools tested positive for heparanase
activity (data not shown). These results suggest that heparanase may be non-functional or
inappropriately expressed in bacteria or this library did not contain the futl-length cDNA
for heparanase. The latter is less likely since the mRNA used to construct the library
contained high-molecular weight mRNA suggesting the presence of full-length messages.

I1.2.5. Proposed Sib Selection Screening of Mammalian Expression Library Using
the PAGE Assay: Mixing Experiments with TK6 and KNRK

In parailel with the bacterial expression library screening, a mammalian expression
library from KNRK mRNA was being prepared. Since it is more likely that heparanase
would be properly expressed in this system, such a library is more appropriate for

screening on the basis of heparanase activity. TKG6 cells, shown to be negative with
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Figure 21. Minintum amount of KNRK extract needed to observe digestion of HS in the
PAGE assay.

1,5, 25 or 50 pg of KNRK extract was incubated with 2 pg bovine lung HS m
37°C for 16 hr in 20 mM cacodylate pH 6.1 and subjected to the PAGE assay as described
in Figure 14. Heparanase activity at 16 hr with 5 o 50 pg KNRK extract is indicated as a
decrease in the staining of slower migrating material (in the upper portion of the gel)
compared to the HS and respective 0 hr controls.

Figure 22. KNRK heparanase activity is not inhibited by TK6 extract.

2 pg bovine lung HS was incubated for 16 hr at 37°C alone or with either 25 pg of
KNRK extract, 25 pg KNRK extract ptus 25 pg TK6 extract, or 25 pg TK6 extract in 20
mM cacodylate pH 6.1 and subjected w the PAGE assay as described in Fi gure 14. KNRK
heparanase activity, indicated as a decrease in the staining of slower migrating material in
the "+ KNRK" lane (in the upper portion of the gel) compared to the HS control, is not
inhibited by TK6 extract (as seen in the "+ KNRK + TK6" lane).



“igure 21.

Figure 22.
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respect 0 heparanase activity (Figure 17b). were chosen as mammalian host cells tor
ransfection with a KNRK ¢DNA library packaged in 4 mammalian expression vector
system. It was therefore necessary to establish whether components in TK6 cell extracts
could potentially inhibit KNRK heparanase. This was tested using PAGE anatysis by
co-incubating KNRK and TK6 extracts with HS.

Results and Discusgion:

TK6 extract alone did not exhibit heparanase activity while KNRK was very active
(Figure 22). Co-incubation of KNRK and TK6 extracts did not alter KNRK heparanase
activity suggesting that the TK6 extract was not inhibitory to KNRK heparanase. (In
retrospect, "extract only” controls shouid have been performed to confirm that the slight
darkening of the "+KNRK+TK6" lane was due to the presence of the TK6 extract and not
slight inhibition of KNRK heparanase by TK6 extract.) Therefore, it appeared that TK6
cells were suitable hosts for the mammalian expression library.

1L.2.6. Swmmary of Section I11, and 112. and Recent Developments in the Cloning
Project

Purified Hep III has been found 1o be a suitable positive control for HS digestion in
the PAGE assay. Of the cells tested in our laboratory using the PAGE_ assay, only KNRK,
B16F10, NRK and lymphocytes exhibited heparanase activity (Figures 14 and 17). Among
these heparanase-positive cells, KNRK cells were identified to have the strongest activity.

We constructed a bacterial Agtl1 expression library from mRNA of KNRK cells.
Using antibodies raised toward the published putative heparanase N-terminal peptide
sequence, we specifically immunoselected a clone from this library, whose sequence

corresponds to GRP%4/endoplasmin and whose expressed protein product does not exhibit
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heparanase activity (Figure 20). Failure of the antibodies o inhibit KNRK heparanase
activity (Figure 18) taken together with the above findings casts doubt on the specificity of
the peptide sequence for heparanase (although it may also be thart the antibodies do not
recognize the active site). Either heparanase activity is not properly expressed in bacteria
or heparanase does indeed contain the same pepride sequence as found in GRP%4. The
former is possible since sib selection screening of the Agtll library using the PAGE assay
has not revealed an active heparanase-positive clone. Sib selection screening based on
enzyme activity of the newer mammalian expression library in TK6 cells (cells shown to
lack heparanase activity (Figures 17 and 22)) should solve this question. In erms of the
latter, while homology of the N-terminal peptide sequence 1o the hsp90 family of
molecular chaperones and cell-surface tumour glycoprotein rejection antigens has been
noted by others [128-130], it is agreed that the conclusion that heparanase shares the same
sequence must be approached with caution [130] since it is possible that the published
peptide sequence belongs to a contaminating molecular chaperone that had co-purified with
heparanase.

Recently, human platelet heparanase has been purified, sequenced and identified to
be part of the previously cloned platelet basic protein (PBP). Heparanase activity is
associated with two N-truncated products PBP known as connective tissue activating
peptide-IIT (CTAP-III) and neutrophit acﬁvz;ting peptide-2, both of which are chemokines
[110]. Although platelet heparanase, an endoglucosaminidase which digests both heparin
and HS, is different from KNRK heparanase (which digests only HS (Section I1.3.4.)), the

two presumably belong to a family of heparanases. Both share a pH optimum of close to
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pH 6 (Section I1.3.2.). Platelet heparanase is a small enzyme of § 1o 10 kDa; if KNRK
heparanase is also small, it may explain its apparent stbility to freeze/thawing. The
authors believe that post-transladonal modifications activate the platelet enzyme: this may
explain our inability to detect heparanase activity in bacterial extracts during attempts to

clone KNRK heparanase.

IL3. Characterization of KNRK and Other Heparanases Using the PAGE Assay

Prior to our studies, KNRK cells had never been shown to exhibit heparanase
activity and thus characterization of the enzyme was of interest. Characterization of -
KNRK and other heparanases with respect to substrate specificity, pH optimum, sensitivity
to the heparanase inhibitor heparin and exo-B-glucuronidase inhibitor saccharic acid
1,4-1actone (SAL), was performed on a qualitative basis using the PAGE assay. From
analysis of substrate specificity, a suitable HS substrate and starting material for the PAGE
as well as the new fluorescent assay could also be chosen.

1.3.1. Comparison of Bovine Intestine, Kidney and Lung HS Digestibility by
Various Heparanases

HS starting material was chosen such that it was of the highest average molecular
weight. The higher the molecular weight, the greater the probability of endoglycosidic
cleavage occurring, and furthermore, the greater separation between starting material and
products when separated using PAGE. Among the commercially available sources (of
which there are very few), bovine intestine and bovine kidney were initially compared.
Later in our studies, we acquired bovine lung HS from Dr. Vlodavsky to compare its

digestibility with our existing bovine kidney HS substrate.
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Results and Discussion:

Because bovine intestine HS was found o be of lower average molecular weight
(greater mobility) compared 10 the substrate we had been using, HS "pbs", digestion by
KNRK was difficult to detect (Figure 23a). Figure 23a also exemplifies the greater
contrast that is achieved between 16 hr and O hr digests with higher molecular weight
fractions of substrate (HMW#1 compared to HMW#3) thus allowing easier detection of
heparanase activity. Another subsirate, HS "pfs", ran faster in the gel and its digestion by
KNRK was also less apparent than with HS "pbs" (Figure 23b). HL-60 cells did not
digest either bovine kidney HS substrate. Because of its higher molecular weight and
greater susceptibility o digestion, bovine kidney HS (pbs) was chosen for subsequent
chemical modificatons for the new assay.

Bovine lung HS which, although it migrated faster in the gel than bovine kidney
HS, was found to be much more digestible by KNRK, B16F10 (Figure 23¢ as compared to
Figure 14) and lymphocytes (Figure 23d as compared to Figure 17c). For B16F10, this is
not very surprising since the cell line has been characterized 10 be highly invasive and
metastatic with high potential for lung colonization [94]. It can be speculated that the
differences in digestibility may be due to the composition of the HS substrates as it has
been shown that, among other differences, bovine lung HS has a greater proportion of
6-0O-sulfated glucosamine residues than bovine l;idney HS [118] and that more highly
metastatic tumours have basement membranes with more highly sulfated HS (especially
sulfation as 6-O-sulfated glucosamine) [131].

The differences between digestibility of bovine kidney and lung HS as substrates
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Figure 23. Comparison of bovine intestine, kidney, and lung HS in terms of electrophoretic
mobility and susceptibility to digestion by heparanases.

Bovine intestine (Sigma) and bovine kidney ("pbs" or prepared py Sigma) HS
samples were size fractionated (as described in Section I.1.). For comparison, another
bovine kidney HS substrate ("pfs" or prepared for Sigma) and bovine lung HS substrate
(gift from Dr. 1. Vlodavsky) were tested. To conserve material, size fractionation of bovine
lung HS was not performed. The concentration of bovine lung HS stock was determined 10
be ~ 30 pg/pL in the dimethylmethylene blue (DMMB) assay (Appendix I1.1.) using
unfractionated bovine kidney HS (pbs) as the standard.

KNRK, HL-60 and B16F10 cells were maintained and PMNs and Iymphocytes
were freshly isolated as described in the legend for Figure 17.

a. 2 pg unfractionated ("total") or fractionated (HMW#1, HMW#2 or HMW#3) HS from
bovine intestine ("bi") and bovine kidney ("bk") (prepared by Sigma) were incubated with
40 pg KNRK extract in 20 mM cacodylate buffer pH 6.1 for i6 hr or O hr at 37°C and
subjected 1o PAGE analysis as described in Figure 14. KNRK heparanase activity at 16 hr,
indicated as a decrease in the staining of slower migrating material (in the upper portion of
the gel) compared (o 0 hr or HS alone controls, is most clearly seen with bovine kidney HS,
particularly with higher molecular weight fractions (HMW#1 and 2).

b. 2 pg unfractionated bovine kidney HS ("pbs" or prepared by Sigma) or HS ("pfs" or
prepared for Sigma) were incubated with 20 pg KNRK or HL-60 extract in 20 mM
cacodylate buffer pH 6.1 for 16 hr at 37°C and subjected to the PAGE assay as described in
Figure 14. (Note: This gel was not soaked in water prior to staining with methylene blue
therefore SDS has stained in the lower portion of the gel.) KNRK heparanase activity is
seen using both HS preparations obtained from Sigma, indicated as a decrease in the
staining of slower migrating material in "+KNRK" lanes compared to HS alone contols.

¢. 2 pg unfractionated bovine lung ("bl") HS were incubated with 60 pg KNRK or B16F10
extract or 130 pg o,MM in 20 mM cacodylate buffer pH 6.1 for 16 hr or 0 hr at 37°C and
subjected w the PAGE assay as described in Figure 14. Strong KNRK and B16F10
heparanase activity at 16 hr is indicated as a marked decrease in the staining of slower
migrating material compared to 0 hr or HS controls. ®,MM heparanase is slightly active.

d. 2 pg unfractionated bovine lung HS ("bl") was incubated with 67 ng PMN or 35 pg
lymphocyte extract in 20 mM cacodylate buffer pH 6.1 for 16 hr or O hr at 37°C and
subjected to the PAGE assay as described in Figure 14. Lymphocyte heparanase activity is
seen at 16 hr as indicated by a decrease in the staining of slower migrating material
compared to G hr control.

e. 2 pg fractionated (HMW#1) bovine kidney ("bk") or unfractionated lung HS ("bl") were
incubated with 0.3 mU Hep III in 1x Hep IiI reaction buffer (0.25 M sodium acetate pH 8,
2.5 mM CaCl,) for 16 hr or 0 hr at 37°C and subjected to the PAGE assay as described in
Figure 14. Hep III digests both substrates as indicated by decreases in the staining of
slower migrating material compared to 0 hr or HS controls.
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were more subtle with PMNs (Figure 23d as compared 1o Figure 17¢), o.MM (Figure 23¢
as compared to Figure 17d) and Hep III (Figure 23e). Unlike KNRK and BI6F10 cells,
Hep III and o, MM usually appeared to digest bovine kidney HS more eftectively than
bovine lung HS.

Although most chemical modification studies for the proposed assay were carried
out using the higher molecular weight bovine kidney HS, the more digestible bovine lung
HS was later found to be more suitable for chemical modification for reasons described

later (Section I11.6.).

11.3.2. pH Optimwum for KNRK Heparanase and Its Possible Requirement for
Calcium

The pH optimum for heparunase has been reported to be between pH 5 and 6
[94,96,109,110]. However, heparanase assays have routinely been performed at pH 6 10
prevent protein precipitaion [94]. Others have reported pH optima of 6.2 to 7.5 and higher
[111-113,116] depending on the cell type. pH optimum for KNRK heparanase was
determined using the PAGE assay. Also, in order to establish a requirement of calcium or
reducing conditions by heparanase, digests were carried in the presence or absence of
calcium, with or without reducing agent, at a pH at which heparanase activity was lower -
and analyzed using the PAGE assay. Dithiothreitol (DTT) was used as a reduciﬁg agent
under similar conditions used by Dr. Viodavsky with his human placental heparanase
(o,MM) (personal communication).

Resul Discussion:
In the range of pH 6 to 8, KNRK heparanase was only acﬁve at pH 6 (very active)

to 6.5 (partially active) (Figure 24a and 24b). At pH 7 or greater, enzyme activity was
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virtually undetectable. (Although protein precipitation might occur at lower pH as
described by others [94], a reaction could have been carried out at pH less than 6 to see if
KNRK heparanase was more active at lower pH.) The narrow range of activity around pH
6 is consistent with other heparanases [96,108-110,112] and may suggest lysosomal origin
[104,108,109].

Addition of calcium at pH 7 did not improve KNRK heparanase activity (Figure
24b). Incubation in the presence of calcium and reducing agent (DTT) at pH 6.1 did not
improve KNRK or o, MM activity but rather appeared to slightly reduce activity (Figure
24c) (whether this was due to reduced activity or reduced efficiency of background
removal is unclear since 0 hr controls were not performed). KNRK activity was the same
using either acetate buffer pH 6 (Figure 24b) or cacodylate buffer pH 6.1 (Figure 24c).
Therefore, it appeared that KNRK heparanase was maximally active at pH 6 and did not
require calcium or DTT for activity.

11.33. Boiling or Treatment of KNRK Extract With 3-Mercaptoethanol or SDS
Prior to the PAGE Assay

Boiling or treatment with reducing agent, B-mercaptoethanol, or detergent, SDS, of
KNRK extract was employed as means to inactivate enzymatic activity to confirm the
protein-like nature of heparanase and to serve as potential negative controls in the new
fluorescence-based heparanase assay.
Results and Discussion:

From Figure 25a, KNRK heparanase activity was abolished with 10 min boiling or
treatment with 47 mM [-mercaptoethanol, conditions under which typical protein enzymes

would be inactivated. From Figure 25b, KNRK heparanase was partially inhibited by
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Figure 24. Determination of pH optimum of KNRK heparanase and requirement for
calcium or reducing agent by KNRK and o,MM heparanases.

a. 25 pg of KNRK extract was incubated with 2 pg bovine lung HS at 37°C for 16 hr or 0
hr in 250 mM sodium acetate pH 6, 7 or 8 and subjected to the PAGE assay as described in
Figure 14. Note: "HS" was incubated in 20 mM cacodylate pH 6.1 rather than sodium
acetate buffer.

b. 2 pg bovine lung HS was incubated alone or with 25 pg of KNRK extract at 37°C for
16 hr or O hr in 250 mM sodium acetate pH 6, 6.5 or 7 and subjected 1o the PAGE assay as
described in Figure 14. For pH 7, incubations were performed either in the presence or
absence of 2.5 mM CaCl,.

¢. 200 pg o,MM or 25 pg KNRK was incubated with 2 pg bovine lung HS in 20 mM
cacodylate buffer pH 6.1 in the presence or absence of 1 mM CaCl,/1 mM DTT wt 37°C for
16 hr and subjected to the PAGE assay as described in Figure 14.

In this figure, KNRK heparanase activity at 16 hr is strongest at pH 6, as indicated
by the greatest decrease in the staining of slower migrating material (in the upper portion of
the gel) compared to 0 hr or HS controls. KNRK and o, MM heparanase activity do not
appear to require but rather may be slightly inhibited by calcium and/or DTT, as indicied
by a slightly greater staining in the upper portion of "+Ca®/DTT" lanes compared 1o
"+0,MM" or "+KNRK" lanes.
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Figure 25. Boiling or treatment of KNRK extract with B-mercaptoethano! or SDS prior to
the PAGE assay.

a. 50 pg of KNRK extract, with or without 10 min boiling ("boiled") or treatment with 47
mM B-mercaptoethanol ("f-ME"), was incubated with 2 pg of bovine lung HS at 37°C for
16 hr or O hr and subjected to the PAGE assay as described in Figure 14, KNRK
heparanase activity at 16 hr, indicated as a decrease in the staining of slower migrating
material (in the upper portion of the gel) compared to O hr or HS controls, is fully inhibited
by boiling or treatment with -mercaptoethanol.

b. To find a SDS concentration that was inhibitory to KNRK heparanase, 55 pg KNRK
was incubated 16 hr or 0 hr with 2 pg bovine kidney HS at 37°C in the presence of 0, .02,
0.05 and 0.1% SDS and subjected to the PAGE assay as described in Figure 14. (Note:
Rather than the usual proteinase K/SDS treatment, these digests were added o lyophilized
proteinase K/urea (Section 1.3.) and were incubated at 60°C for 1 hr. Also, this gel was not
soaked in water prior to staining which resulted in background staining.) KNRK
heparanase activity at 16 hr ("- SDS"), indicated as a decrease in the staining of slower
migrating material (in the upper portion of the gel) compared to 0 hr or HS controls, is fully
inhibited by 0.1% SDS.



Figure 25.




-§9-
0.05% SDS and completely inhibited by 0.1% SDS. Thus. HS-degrading activity appears
to be auributed to a protein enzyme. These conditons may be useful for negative conuols.
IL3.4. Inhibition of KNRK Heparanase by Heparin
Heparin has been reporied 10 be a potent inkibitor of heparanases that exclusively
degrade HS (e¢g. melanoma, endothelial cell, lymphocyte, macrophage and neutrophil
heparanases [108,114-117,132]). Two other types of heparinases characterized to date
either digest both HS and heparin or heparin alone [96]. Inhibition of KNRK heparanase
activity by heparin was investigated using the PAGE assay.

Results and Discussion:

Heparin (from Fisher) migrated with higher mobility in the gel than HS (Figure 26a
and 26b). At 0.1 pg/pL., this heparin source did not inhibit KNRK hepantnase digestion of
bovine kidney HS (Figure 26a). Heparin itself was slightly digested by KNRK (Figure
26a) but not by Hep III (Figure 26b). (Inhibition of KNRK digestion of bovine lung 1S
by this heparin source was not performed.)

For comparison, bbvine lung heparin (active as an inhibitor in Dr, Vlodavsky's
assays) was also tested as an inhibitor of KNRK heparanase (Figure 26¢). Bovine lung
heparin also ran lower in the gel than kidney and lung HS. It was not, however, digested
by KNRK as observed with Fisher heparin in Figure 26a. Bovine lung heparin was able to
fully inhibit KNRK digestion of bovine kidney HS but only partially inhibit KNRK
digeston of bovine lung HS. This might suggest that KNRK extract may possess two
types of HS-degrading activities depending on the substrate used, one inhibitable and

another not inhibitable by heparin. (One might speculate that this might be due to multiple
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Figure 26. Inhibition of KNRK heparanase by heparin,

Heparin (sodium salt, Fisher} was co-incubated with KNRK extract or Hep 111 and
subjected to the PAGE assay as described in Figure 14. For comparison, a higher quality
bovine lung heparin (gift from Dr. Viodavsky) was also tested.

a. 1 pg unfractionated bovine kidney HS andfor 1 ug heparin (Fisher) was incubated with
45 pg KNRK in 20 mM cacodylate bufter pH 6.1 for 16 hr or 0 hr at 37°C and subjected to
the PAGE assay. KNRK heparanase activity at 16 hr, indicated as a decrease in the
staining of slower migrating material in the "HS + KNRK 16 hr" lane (in the upper portion
of the gel) compared to 0 hr or HS controls, is not inhibited by heparin ("HS + heparin +
KNRK 16 hr" compared to "HS + heparin” or "HS + heparin + KNRK 0 hr" lanes).
Heparin is slighdy digested by KNRK, as indicated by a slight decrease in the staining of
the upper portion of the heparin smear ("heparin + KNRK 16 hr" compared 10 "heparin" or
"heparin + KNRK 0 hr" controls).

b. 2 pg heparin (Fisher) was incubated at 37°C for 16 hr in the presence or absence of 5
mU Hep III in 0.25 M sodium acetate pH 7.0 and 2.5 mM CacCl, and subjected to the

- PAGE assay. Hep Il digestion of HS is not affected by heparin as indicated by the
absence of alteration in HS staining.

¢. 2 pg bovine lung ("bl") heparin was incubated alone or with either 2 pg bovine kidney
("bk") HS or 2 pg bovine lung HS in 20 mM cacodylate buffer pH 6.1 for 16 hr or 0 hr at
37°C in the presence or absence of 60 pg KNRK extract and subjected to the PAGE assay.
KNRK digestion of bovine kidney HS at 16 hr, indicated as a decrease in the staining of
slower migrating material (in the upper portion of the gel) compared to 0 hr or HS controls
(in Figure 14), is inhibited by bovine lung heparin ("bk HS + bl heparin + KNRK 16 hr"
shows no change from "bk HS + bl heparin” or "bk HS + bl heparin + KNRK 0 hr" lanes).
KNRK digestion of bovine lung HS at 16 hr, indicated as a decrease in the staining of
slower migrating material compared 10 0 hr or HS controls (in Figure 23c), is partially
inhibited by bovine lung heparin (as indicated by decreased staining in the upper portion of
the "bl HS + bl heparin + KNRK 16 hr” lane cumpared to "bl HS + bl heparin + KNRK 0
hr* or "bl HS + bl heparin” lanes).



Figure 26.
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endoglycosidase activities perhaps arising from different cell compartments [104,133] or
that the two HS substrates difter in the proportion of cleavage sites that are inhibitble by
heparin.) Thus. depending on the heparin source used, it appears that KNRK extract
largely contains a heparin-inhibitable heparanase which is consistent with the HS-degrading
heparanases and possibly another heparin-degrading heparanase.

IL3.5. Inhibition of HS Exoglycosidase Activity by SAL

Saccharic acid 1,4-lactone (SAL) has been used as a lysosomal
exo-[-glucuronidase inhibitor [94,108,110]. To confirm that KNRK HS-degrading activity
represented an endoglycosidase, digestion of bovine kidney HS with KNRK in the
presence or absence of SAL was performed and subjected to the PAGE assay.

Results and Discussion:

Since SAL was found to be very acidic (~ pH 1.5), the pH of SAL was adjusted to
pH 6.1. The concentration of Tris was increased ten fold for the MNase treatment to
overcome the additional buffering at pH 6.1 by SAL. From Figure 27, SAL did not inhibit
KNRK HS-degrading activity suggesting that KNRK extract exhibits HS endoglycosidase
rather than exoglycosidase activity when bovine kidney HS is used as a substrate.
Furthermore, whereas endoglycosidase activity yields oligosaccharides which produce the
characteristic shift in the PAGE assay, exoglycosidase activities would have eventually
yielded di- or monosaccharides [104] which \a;ould diffuse out of the gel. It may be
speculated that KNRK digestion of bovine lung HS may be partially due to exoglycosidase
activity although experiments with SAL were not performed using bovine lung HS as a

substrate.



Figure 27. Inhibition of HS exoglycosidase activity by SAL.

60 pg KNRK extract was incubated with 2 pg bovine kidney HS in the presence of
20 mM cacodylate buffer £ 20 mM SAL pH 6.1 for 16 hr at 37°C and subjected 1o the
PAGE assay as described in Figure 14. Where indicated by "+T", the concentration of
Tris-HCI pH 9.5 was increased ten fold for the MNase treatment. KNRK heparanase
activity at 16 hr, indicated as a decrease in the staining of slower migrating material (in the
upper portion of the gel) compared to 0 hr or HS controls, is not inhibited by SAL.



Figure 27.
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11.3.6. Comparison of PAGE Assay 1o **S-ECM Assay: Sensitivities to SAL and
Heparin

Dr. Vlodavsky later provided us with an *S-ECM plate prepared by his laboratory,
essentially as described in [107]. As noted earlier in the Introduction, this assay, although
easy to perform, is subject to interference by proteinases that release *S-labetled HS from
remnant ECM proteins. However, with this assay, we were able 10 compare the results of
the PAGE assays on the effects of SAL and heparin on KNRK heparanase activity as well
as obtain a more quantitative measure of activity.

Resutts and Discussion:

KNRK heparanase was able to digest the *S-ECM substrate (Figure 28a). Unlike
the inactivity typically seen in the PAGE assay (Figure 17d or 23c), o,MM heparanase was
also very active in the *S-ECM assay (Figure 28a). It displayed a dose-dependent increase
in ¥ release (in a very similar manner to Dr. Vlodavsky's results (personal
communication)). Degradation was extensive and virtually comptete with Hep Il
Proteinase K resulted in marked release of label from remaining *S-HS attached 10 ECM
proteins (Figure 28b). Because the contribution to *S release by proteolytic activity can
potentially be large, this assay suffers from lack of specificity for solely detecting
heparanase activity. However, in the case of KNRK, contribution by proteolysis was
probably low since the addition of protease inhibitors did not alter *S release (Figure 28b).

When SAL and/or heparin (Fisher) were incubated with KNRK in the ¥S-ECM
assay, KNRK was only slightty inhibited by their combination (Figure 28b) (the
significance of this is not clear). KNRK activity was actually enhanced by SAL possibly

due to the increased buffering at pH 6.1 by SAL (the pH optimum for the enzyme).
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Figure 28. *S-ECM digestion by cell extracts and puwrified endoglycosidases, and effects of
SAL and/or heparin on KNRK heparanase.

The 96 well plate coated with **S-labelled subendothelial ECM was prepared as
described in [107,121]. Essentially, bovine comeal endothelial cells were cultured in the
presence of Na,[*S]SO, for sufficient time to allow incorporation into HS. Cells were lysed
with Triton X-100 and cellular debris was removed with NH,OH weaiment with washing.
For my studies, wells were rehydrated and washed in PBS. 50 pL reactions with KNRK
extract and purified o,MM enzyme were performed ir 20 mM cacodylate buffer pH 6.1.
Hep III digests were performed in 1x Hep III buffer (0.25 M sodium acetate pH 8, 2.5 mM
CaCl,). The plate was incubated at 37°C for the times indicated. Afier cooling, the well
contents (50 pL) were removed and saved, wells washed with 50 L. PBS and pooled with
the first fraction. 900 pL. of Aquasol-2 was added, the mixtures were vortexed for 10
seconds and counted in a LKB Wallac 1219 Liquid Scindllation Counter.

a. Wells were incubated with 60 pg KNRK or o,MM (shown as a,MM from 4 10 320 ng)
or Hep III (5 o 25 mU) for 1 hr and 40 min at 37°C. Error bars shown represent the range
of duplicate wells; all other wells were treated in single trials.

b. Wells were incubated with 60 pg KNRK + 20 mM SAL pH 6.1 (denoted as "S") + 0.1
pg/nL heparin (Fisher). Error bars represent the range of duplicate wells. In single wells,
60 pg KNRK with protease inhibitors (shown as "+prot. inh.") (1 mM PMSF, 2 pg/mL
aprotinin, 50 pM chymostatin) or 0.1 pg/uL proteinase K alone were incubated in
cacodylate buffer. All incubations were performed at 37°C for 1 hr and 40 min.

¢. Wells were incubated with 180 pg KNRK, 180 pg B16F10 or 320 pg oMM in the
absence ("-S") or presence ("+5") of 18 mM SAL pH 6.1. &,MM was also tested for
inhibition by 0.1 pg/pL heparin (Fisher). 5 mU Hep III was as a positive control. Each of
these experiments were carried out as single trials. All incubations were performed at 37°C
for 1 hr.



Figure 28.
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Insensitivity 1o this source of heparin in the *S-ECM assay as well as in the PAGE assay
(Section I1.3.4.) suggested that either this heparin was inactive as an inhibitor or that this
heparin does not inhibit KNRK digestion of this particular substrate. (Unfortunately,
bovine lung heparin was not yet available to us at this point for comparison).

In another experiment, BI16F10 displayed activity comparable 10 KNRK with or
without SAL (Figure 28c). Again, activity was slighdy enhanced by SAL in both cases.
o,MM was slightly inhibited by SAL (~ 13%) and stwongly inhibited by heparin (~77%).
This would suggest that this source of heparin (Fisher) was indeed active and its inhibition
of HS-degrading activities depended on the enzyme and substrate used. The difference in
sensitivity to heparin further suggests that KNRK heparanase is of a different type than
o,MM heparanase.

Although a number of steps is required to generate such an immobilized substrate,
this assay is simple to perform and rapid (1 hr) and quantification is reliable. However, the
presence of residual protein associated with *S-HS may result in falsely positve results if
proteolytic activity is also present. Nevertheless, such a convenient configuration would be
an atractive alternative for the proposed fluorescent assay (although a soluble substrate is

preferred over an immobilized one to permit better access of heparanase to the substrate).
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11.4. Induction of Heparanase Activity Duwring Differentiation of U-937 Cells by RA as
Measured by the PAGE and *S-ECM Assays

Cells that normally have the capacity to invade vascular walls and extracellular
matrices such as blood leukocytes are believed to possess heparanase activity [94,102]. As
a complement 1o the differentiation project (Part A), extracts from control and differentiated
U-937 cells were tested in the PAGE and *S-ECM assays to determine whether
heparanase activity was induced during their differentiation into monocyte-like cells.
Although heparanase activity was not detected earlier in PMNs (Figure 17¢ and 234), it
might be present in monacytes (which were not tested since they are hard to isolate in
sufficient numbers). If heparanase activity could be shown to be enhanced in differentiated
cells, it could be used as another marker for U-937 cell differentation.

Results and Discussion:

Using the PAGE assay, a small increase in heparanase activity was observed in
extracts of retinoic acid (RA)-differentiated U-937 cells compared to control cells (Figure
29a). Although subtle, this prompted further investigation. When comparing bovine lung
or kidney HS as substrates, there was little difference in their digestibility by control and
RA-induced U-937 cell extracts, including combinations with glyceryl winitrate (GTN) and
molsidomine (MOL) (not shown). However, when using bovine lung HS as a substrate,
TNM+RAXCYS (TNM, tetranitromethane; CYS, L-cysteine) inducers were more effective
than RA alone in inducing heparanase activity while GTN+RA and MOL+RA were
- comparable 1o RA alone (Figure 29b). This may suggest that TNM might induce a
heparanase that has greater preference for the lung HS substrate. It should be noted that

with time, heparanase activity diminished greatly with the age of the U-937 extracts, unlike
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Figure 29. Modest induction of heparanase activity during differentiation of U-937 cells by
RAXTNMACYS.

U-937 cells (2 x 10° cells/mL) were treated 96 hr in the continued presence of either
no inducer or 10° M RA, alone or in combination with 0.1 mM GTN, 50 uM TNM # 0.3
mM CYS, or 10° M MOL (see Materials and Methods in Part A for further details).
Human PMNs and lymphocytes were freshly isolated as described in Figure 17. Whole cell
extracts were prepared and subjected to either the PAGE assay as described in Figure 14 or
the ¥*S-ECM assay as described in Figure 28.

a. 60 pg of cell extract was incubated for 16 hr at 37°C with 2 pg bovine kidney HS in 20
mM cacodylate pH 6.1 and subjected to the PAGE assay. RA induces heparanase activity
in U-937 cells, as indicated by a greater decrease in the staining of slower migrating
material (upper portion of the gel) in the "RA 16 hi" lane compared to the "Conurol 16 hr
lane.

b. 60 pg of cell extract was incubated for 16 hr at 37°C with 2 pg bovine lung HS in 20
mM cacodylate pH 6.1 and subjected to the PAGE assay. TNM+RACYS induce further
heparanase activity in U-937 cells, as indicated by a greater decrease in the staining of
slower migrating material (upper portion of the gel) in the "TNM+RA 16 hr" and
"TNM+CYS+RA 16 hr" lanes compared i the "RA 16 hr" lane.

¢. For the ¥*S-ECM assay, 200 pg of each extract were incubated in duplicate at 37°C for 2
hr on a hydrated *S-ECM plate in 80 mM cacodylate buffer pH 6.1. Reactions with Hep
I (5 mU) in the presence of Hep III buffer (0.25 M sodium acetate pH 8, 2.5 mM CaCl,)
were performed in parailel to estimate total counts per minute {(cpm) per well. Error bars
represent the range of duplicate wells.
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KNRK, leading to variability. This may reflect variatons in heparanases between species
(i.e., human versus rat).

Degradation of **S-ECM was also studied as a potential marker for differentiation.
Subtle differences observed in the PAGE assay were more apparent using this assay. RA
induced in U-937 cells a low level of **S-ECM-degrading activity in U-937 cells compared
to control cells (Figure 29¢). GTN and MOL did not further enhance the RA-induced
activity. PMNs displayed low activity while lymphocytes were considerably more active
in the *S-ECM assay. These results are consistent with the results of the PAGE assays
(Figures 29a, 29b, 17c and 23d). Unfortunately, the TNM+CYS+RA combination of
inducers was not tested in the *S-ECM assay.

U-937 cells and HL-60 cells, human PMNs, macrophage and lymphocytes have
previously been shown to possess heparanase activity [94,102,114,116,117,126,127,134].
However, in my studies with the exception of lymphocytes (Figure 17c and 23d), they
were relatively inactive compared to KNRK (Figures 17b, 17¢, 23b and 23d). Since U-937
cells can be induced to differentiate into monocyte-like cells (Part A), it would have been
interesting to see if monocytes possessed heparanase activity.

Neutrophil heparanases have been reported to be localized to specific granules
[114]. In the event that heparanase in differentiated U-937 cells was stored in granules,
0.5%(v/v) Triton X-100 was added to the heparanase extraction buffer for PMNs and
control or differentiated U-937 cells; however, addition of the detergent did not increase
heparanase activity in either cell type (data nof shown). It has been postulated that,

because heparanase activity in unfractionated neutrophil exract is lower than in specific
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granule fractions. heparanase inhibitors may be present in the untractionated neutrophil
extract {114].

TPA (12-O-teradecanoylphorbol-13-acetate) stimulaied neutrophils hive been
shown 1o exhibit increased heparanase activity relative to unstimulated cells, although
neutrophilic heparanase activity is much lower than that of the melanoma heparanase | 127).
Stronger activity may have been observed with U-937 cells and PMNs if they were
activated in the event that leukocyte heparunase requires stimulus-dependent activation.
This possibility was not investigated for U-937, HL-60 cells or PMNSs, although it has been
reported that U-937 and HL-60 cell lysates exhibited heparanase activity in the absence of
TPA stimalation |94,126]. Perhaps, with a more sensitive assay, heparanase activity could
have been detected since PMN heparanase activity is relatively tow. The possibility that
heparanase activity in U-937 cells and PMNs may have a difterent pH optimum was not

investigated.

IL5. Swmmary of Section I1.3. and 11.4.

KNRK heparanase appears 1o be less selective in terms of substrate; tha is, it is
able to digest bovine intestine, kidney and lung HS as well as ®S-ECM. Similarly,
B16F10 and lymphocyte heparanases are able to digest bovine kidney and lung HS as well
as *S-ECM. This is unlike the more restrictive human placental 0,MM heparanase which
is able 10 digest *S-ECM well but only weakly digests bovine kidney or lung HS (imestine
HS not tested with o,MM). Strongest KNRK heparanase activity is observed with bovine

lung HS; thus, it may be more useful as a starting substrate for the proposed fluorescent
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assay. Hep III is useful as a positive conwrol for digestibility of both soluble and
immobilized HS substrates.

KNRK heparanase appears be most active near pH 6. Calcium ions and reducing
agent DTT do not appear to be essential for full actvity. KNRK heparanase is inactivated
by 10 min boiling, reatment with either 47 mM B-mercaptoethanol, or 0.1% SDS. Bovine
lung heparin appears to be a potent inhibitor of KNRK digestion of bovine kidney HS but
only a partial inhibitor of bovine lung HS digestion. Fisher heparin is effective as an
inhibitor of &,MM heparanase (in the ¥S-ECM assuay) but not of KNRK heparanase (in
either the PAGE or **S-ECM assay). Thus, KNRK and o, MM heparanase appear to be
different in terms of substrate specificity and sensitivity to heparin. Considering its
substrate specificity, insensitivity to SAL and sensitivity 1o bovine lung heparin, its pH
optimum, and the relative size of HS fragments produced, KNRK most likely contains an
endoglycosidase that is similar 1o the B16 melanoma heparanases [94,108].

Heparanase activity is only marginally enhanced by RA during U-937 cell
differentiation (as seen in the PAGE and *S-ECM assay). Using Eovine lung HS in the
PAGE assuy, induction of RA-induced heparanase activity is slightly enhanced by
TNMZCYS. Due o the relatively low levels of heparanase activity observed in
differentiated U-937 cells and/or the possible insufficient sensitivity of the assays used, the

use of 'hepamnase activity as another marker of U-937 cell differentiation was not pursued.
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CHAPTER III. ATTEMPTS AT DEVELOPING A FLUORESCENCE-BASED
HEPARANASE ASSAY

This chapter highlights some of the experiments that were performed in attempts 10
develop a more sensidve, fluorescence-based heparanase assay (reter w Introduction and
Figure 13 for the principles of the proposed assay). During its development, the PAGE
assay was found t© be convenient to monitor intactness and digestibility of the moditied
HS subswates. It should be noted that HS is not well-defined chemically and this has
made the development of the fluorescence-based assay difficult. Although a working assay
has not yet been arrived at, progress towards this end are described betow. Because of the
complexity of the reactions involved, many details have been included that may be

potentially useful for future workers.

IILY. Random-Labelling of Native HS with FITC

HS randomly labelled with fluorescein isothiocyanate (FITC-HS) was prepared to
test and optimize FITC labelling conditions, to assess the digestibility and thus usefulness
of a fluorescent substrate, as well as 1o generate a control substrate for assessment of
non-specific binding to various surfaces for later studies.

NIL1.1. N-Desulfation and Conjugation with FITC

While O-sulfate groups are relatively stabile, N-suifate groups are readily removed
from N-sulfated glucosamine residues under acidic conditions or in the presence of DMSO
by a process termed solvolysis [135]. After solvolysis, free amino groups remain at sites

of N-desulfation. Fluorescein can be substituted onto the newly exposed amino groups
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using the amine-reactive probe FITC which couples fluorescein o an amine group via an
acylation reaction. Since FITC is stable in DMSO, N-desulfation and fluorescein labeliing
can be carried out simultaneously under slightly alkaline condidons. Because previous
experiments in our laboratory indicated reduced digestibility of HS with extensive
fluorescent probe substitution in the PAGE assay, partial N-desulfation was performed
under conditions of 50% DMSO (v/v) rather than 95% DMSO (v/v) 10 achieve limited
labelling.

0.5 to 2 mg/mL native bovine kidney HS was reacted with 2.6 mM FITC (freshly
prepared as 26 mM in DMSO) in either 0.1 M NaHCO, pH 8.3 or 0.1 M sodium acetate
pH 8 and 50% DMSO (v/v) at RT from 3 hr to ovemnight in the dark. Control reactions
{no HS) were also set up. To convert unreacted FITC into a more soluble form, reaction
mixtures were treated with 0.15 M hydroxylamine pH 8 (freshly prepared and pH adjusted
using NaOH) for 1 hr at RT. To remove excess probe, the reactions were alcohol
precipitated at -20°C overnight with 1/3 volume 1 M to 1/4 volume 4 M sodium acetate
PH 8, and 3 to 4 volumes cold 99% ethanol. Following centrifugation at 13,000g for 5
min, pellets were washed in cold 99% ethanol, spun again and the washed pellets were
resuspended in water, typically at an estimated concentration of 1 ug/pL. To confirm that
labelling had occurred, control and HS-containing reactions were spotted on
diethylaminoethyl (DEAE)-cellulose TLC strip, chromatographed in 1% acetic acid:75%
ethanol. Detection of fluorescein requires pH > 6 since fluorescein exhibits pH-dependent
fluorescerice. Using a fluorometer (Perkin-Elmer LS-5 Fluorescence Spectrophotometer),

the pH for optimal fluorescence of fluorescein-labelled HS was determined to be pH 9.5.



-103-

Thus, the TLC strips were sprayed twice with 0.3 M borate pH 9.4 10 adjust the pH, and
visualized under ulraviolet (UV) light to detect a fluorescent spot at the origin where HS
was expected to remain.
Results and Discussion:

Using TLC to monitor the progress of the FITC reaction with HS, a difference
from conwol was observed in about 3 hr as a brighter spot at the origin and 20 hr
incubation with FITC resulted in heavier fluorescent probe substitution (see Figure 30c for
comparison of relative fluorescence intensities after PAGE sevaration). Bicarbonate tended
w precipitate out slightly during the alcohol precipitation while sodium acetite did not;
therefore, sodium acetate was preferred as the reaction buffer. TLC of pellet and
supernatant fractions before (Figure 30a) and after alcohol precipitation (Figure 30b)
confirmed the effectiveness of the precipitation in removing unconjugated FITC. The
above random labelling procedure was also used for biotinylated bovine kidney HS
(Section 1I1.3.) to produce FITC-HS-N-XXB.

NL1.2. Testing for Digestibility of Random Fluorescently-Labelled HS

The presence of the bulky and hydrophobic fluorescein substitution on HS might
affect substrate recognition by heparanase or hinder sub&mte access 10 the active site, To
test whether heparanase activity was reduced in the presence of the fluorescein
substitutions, FITC-HS and FITC-HS-N-XXB (Section 11L.1.1) were subjected to the PAGE
assay as described in Figure 14 (Chapter I).

Results and Discussion:

As shown in Figure 30c, 3 hr and 20 hr labelled FITC-HS were equally digestible
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Figure 30. Thin layer chromatography and PAGE assay of random fluorescein-labeiled HS.

«. Water as a control ("C") or 2 mg/mL unfractionated native bovine kidney HS ("HS")
was reacted with 2.6 mM FITC (freshly prepared as 26 mM in DMSO) in 0.1 M NaHCO,
pH 8.3 and 50% DMSO (v/v) at RT for 20 hr in the dark. Reactions were terminated with
0.15 M hydroxylamine pH 8 (freshly prepared and pH adjusted using NaOH) for 1 hr at
RT. Reactions were spotted on a DEAE-cellulose TLC strip (CEL 300 DEAE),
chromatographed in 1% acetic acid:75% ethanol, sprayed twice with 0.3 M borate pH 2.4,
and visualized under UV light. FITC-HS appears as an intense spot at the origin. The
higher mobility smear represents the conjugate of FITC with hydroxylamine produced
during the termination step.

b. Terminated reactions (from a.) were alcohol precipitated at -20°C overnight with 1/3
volume 1 M sodium acetate pH 8, and 3 volumes cold 99% ethanol. The precipitations
were microcentrifuged for 5 min, the supemnatant recovered, the pellets washed in cold 99%
ethanol, spun again and the washed pellet was resuspended in water to a concentration of
1.25 pg/pL. Samples were spotted on a DEAE-cellulose TLC strip, chromatographed in
1% acetic acid: 75% ethanol, sprayed twice with 0.3 M berate pH 9.4, and visualized under
UV light. Shown are the pellet ("P") and supematant ("S") (equivalent amount) fractions
for the HS-containing reaction. FITC-HS appears as an intense spot at the origin with the
higher mobility FITC-hydroxylamine conjugate removed. (Note: The conwo! peilet lane
was empty and the control supernatant lane was identical to the HS reaction supernatant
lane (not shown here)).

¢. 2.5 pg of fluorescent HS, as the result of a 3 hr ("FITC-HS3") or 20 hr ("FITC-HS20")
random labelling with FITC (as in Section II1.1.1.), were incubated with either 50 pg
KNRK extract in 20 mM cacodylate buffer pH 6.1 or 10 mU Hep III in 0.25 M sodium
acetate pH 8, 2.5 mM CaCl, for 16 hr or 0 hr at 37°C. The reactions were further
processed in the PAGE assay (as described in the lezend for Figure 14). A methylene blue
stained gel (left panel) and a UV wansilluminated gel (right pane!) are shown. 3 or 20 hr
fluoresceinaied HS is digestible by KNRK and Hep 111, as indicated by a decrease in the
staining of slower migrating material (in the upper portion of the gel) at 16 hr compared o
0 hr or FITC-HS controls.

d. 2 ng HMW#1 bovine kidney HS or bovine kidney FITC-HS-N-XXB were incubated at
37°C for 16 or 0 hr with 60 pg KNRK in 20 mM cacody!ate pH 6.1 or 2 mU Hep III in
0.25 M sodium acetate pH 8 and 2.5 mM CaCl,. Reactions were subjected to the PAGE
assay as described in Figure 14. A methylene blue stained gel (left panel) and a UV
transilluminated gel (right panel) are shown, Biotinylated and fluoresceinated HS is
digestible by KNRK and Hep I1I, as indicated by a decrease in the staining of slower
migrating material (in the upper portion of the gel) at 16 hr companed to 0 hror
FITCHSNXXB controis.
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by Hep IIT and KNRK in PAGE assay in a manner comparable 10 unlabelled HS (refer o

Figure 17 for example). Biotinylated, fluoresceinated HS (FITC-HS-N-XXB) was similarly
digestible by Hep III and KNRK (Figure 30d).

ILY.3. Assessment of Sensitivity of Detection

The reductive amination product of HS (HS-NH,) (Section I11.2) was labelled with
FITC {as described in Section IIL1.1) to determine the lowest amount of the minimally
labelled substrate that could be detected using a fluorometer.

Results and Discussion:

Using a Perkin-Elmer LS-5 Fluorescence Spectrophotometer set at excitation
wavelength 488 nm, emission wavelength 520 nm and slit widths at 5 and 10 nm
respectively, 2 pg of this substrate could be detected in a 25 pL volume in 10 mM borate
PH 9.4. This sensitivity of detection was at least 250,000 times greater than that achieved

using methylene blue staining in a gel (about 0.5 pg).

L2, Reductive Amination of Native HS

As described in the /ntroduction, one way to introduce a biotin at one end of HS
would be to first introduce a terminal primary amine group to which a biotin analogue
could later be coupled. Reductive amination of the aldose at the reducing end of HS is
theoretically accomplished by incubating HS with ammonia, sodium cyanoborohydride
(NaBH,CN), and a polar protic solvent such as methanol (Figure 31a) [136). This section
outlines the various tested and recommended procedures for reductive amination of HS.,

Reductively aminated HS was designated as "HS-NH,".
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Figure 3. Reductive amination: reaction and examples of HS-NH, on a TLC strip.

The reductive amination of an aldose sugar is shown in @ using glucose as an
example. The aldehyde group reacts with ammonia to form an imine (Schiff base). The
Schiff base is reduced by the hydride (H') donor NaBH,CN 1o form a primary amino group,
Representative TLC analyses of reductive amination products are shown in b. and ¢. |
rug/mL bovine kidney HS was incubated at 50°C for 7 days in the presence of 2 M
ammonium borate pH 9, 0.4 M NaBH,CN, and 50% methanol. A control reaction with
water instead of HS was set up in parallel. The reactions were dialyzed overnight against
water in MWCO 12,000-14,000 dialysis tubing and concentrated to 25 pg/pL. under
vacuum and 59°C heat using a Buchler Vortex-Evaporator. | pg of the dialyzed,
concentrated control (indicated as "C") and HS-containing (indicated as "HS") reactions
were spotted and chromatographed on DEAE-cellulose TLC strips in 0.3 M sodium borate
pH 9.4 (shown in b.) or 1% acetic acid:75% ethanol (shown in ¢.). The TLC strips for the
latter were sprayed twice with 0.3 M borate buffer pH 9.4 to adjust the pH. Both strips
were then sprayed twice with 15 mg/100 mL fluorescamine in acetone and visualized under
UV light. HS-NH, stains as a spot at the origin in both solvent systems.



Figure 31.

a.

[ Reductive Amination]

CH.OH CH;0H
"O/ — H
° OH
OH H HO OH
OH OH
aldose pyranose

“ N
CH.CH
H
o
C=NH + HO
OH H

HO
H

imine (Schifl base)

NuBH,CN / H (cg. MeGH)
hydride H*

CH.OH

d g—NHz
HO H /K
OH

primary amine




-107-

Of several experimental conditions explored, best results appeared 10 be obtained
using the following procedure. 0.5 1o 1 mg/mL HS (or water as a control), 2 M
ammonium borate pH 9, and 0.4 M NaBH,CN (freshly opened or stored under N, after
opening) in 50% methanol were incubated at 50°C for 6 or 7 days in glass vials with teflon
coated caps. Reactions were dialyzed twice against water overnight in dialysis wbing
(12,000 10 14,000 molecular weight cutoff (MWCO)) and concentrated to at least 1 mg/mL
in a Buchler Vortex-Evaporator under vacuum and 50°C heat. Samples aliquots were
analyzed by spotting on DEAE-cellulose TLC strips, chromatographing in 0.3 w0 0.4 M
borate pH 9.4, and spraying twice with 15 mg/100 mL fluorescamine in acetone to
visualize HS-NH, as a spot at the origin. Samples were further purified by alcohol
precipitation overnight at -20°C with 1/4 volume 4 M sodium acetate pH 8 and 4 volumes
cold 99% ethanol, a procedure confirmed to be effective spectrophotometrically by the
dimethylmethylene blue (DMMB) precipitation method (described in Appendix I1.1.),
After microcentrifuging for 5 min, the precipitate was washed in cold 99% ethanol, spun
and resuspended in water 0 I to 10 mg/mL. The extent of amine introduction could be
improved with a repeated reductive amination.

Results and Discussion;

Using the above procedure, the resulting HS-NH, was intact (Figure 32a) and
digestible by KNRK as assessed using the PAGE assay (not shown). Samples were
chromatographed on DEAE-ceflulose TLC in 0.3 M borate pH 9.4 or 1% acetic acid:75%
ethanol, sprayed with 0.3 M borate buffer pH 9.4 in the latter case to adjuslt the pH for

subsequent spraying with fluorescamine to detect the presence of primary amines under
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UV light [137]. In both running solvents, HS was expected to remain at the origin. The
latter solvent was ariginally used 10 remove interfering material from the origin when
monitoring the progress of the reductive amination reaction (prior to dialysis). This
interfering material, either NaBH,CN itself or a by-product of NaBH,CN and the reaction
buffer, was present in both HS-containing and control reactions and it stained with
fluorescamine (and other amine-detecting reagents) thus interfering with TLC analysis.
Dialysis against water was effective in removing this interfering material from the sample.
After concentrating the samples, fluorescamine-staining materiai was seen at the origin
only for HS-conwining samples and not for controls suggesting that reductive amination of
HS had occurred (Figure 31b and ¢). About 0.35 pg of HS-NH, could be detected by such
TLC analysis.

Several experiments were performed to determine ways to improve the extent of
amination. Neither acidification of NaBH,CN with 1% acetic acid (a process which would
destroy borohydride, a contaminant that reduces aldehydes to alcohols rather than amines)
or recrystallization (for purification as described in [136]) improved amination. Rather,
best results were obtained using fresh NaBH,CN (not previously exposed to air) stored
under N,. Ammonium borate pH 9 as the reaction buffer seemed preferable to ammonium
acetate pH 7; borate ions are reported to facilitate reductive amination [138]. Conversion
to the open-ring aldose form of the terminal sugar is the limiting reaction in the overall
scheme (Figure 31a). This acyclization is facilitated by increasing the temperature and pH
of the reaction and by the additon of borate ions [138], which complexes to vicinyl

hydroxyls. Since NaBH,CN decays upon exposure to aqueous environments, repeated
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reductive amination of HS-NH, was tested. Re-reductive amination roughly doubled the

number of amines using bovine lung HS as a substrate (data not shown).

1I1.3. Biotinylation of Reductively Aminated HS with Biotin Succinimidyl Ester

Biotinylation of the terminal amino group formed from reductive amination can be
accomplished using a succinimidyl ester of biotin such as that of 6-((6-
((bioctinoyl)amino)hexanoyl)amino) hexanoic acid (BXXSE) ("X" denotes &t spuacer arm
unit) (Figure 13 in Introduction). Although in theory biotin can be coupled directly to the
terminal aldehyde of HS using biotin hydrazide (Figure 13), the extent of biotinylation
using this latter method was found to be limited.

1IL3.1. Biotinylation Procedure

Biotinylation was performed by coupling the amine-reactive BXXSE onto the
terminal amino group of HS-NH, introduced by reductive amination.

10 mg/mL BXXSE was freshly prepared in dimethyl formamide (DMF).
Biotinylaton of I to 3 pg/pL HS-NH, with 1 10 2 mM BXXSE was carried out in 0.1 M
sodium acetate pH 8. The reaction was incubated at RT for 2 to 4 days and stopped by
incubation with 0.15 M hydroxylamine pH 8 (freshly prepared and pH-adjusted with
NaOH) for 1 hr at RT. To remove the biotin-hycroxylamine conjugate, the reaction
mixture was alcohol precipitated at -20°C overnight with 1/4 volume 4 M sodium acetate
pH 8 and 4 volumes 99% cold ethanol. After microcentrifuging for 5 min, the pellet was
washed with cold 99% ethanol, spun again and resuspended in water o 5 o 10 pg/pL.

The resulting substrate was designated as "HS-N-XXB".
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Results and Discussion:

The extent of biotinylation using the above procedure was determined 10 be
between 25 to 50% as assessed spectrophotometrically by DMMB precipitation (Section
I1L3.2.) or fluorometrically (Section IIL3.3.) after random labelling of HS-N-XXB with
FITC using procedures described in Section III.1.1.. It was subsequendy found that
biotinylation could be improved with repeated additions (twice or three times) of BXXSE
during incubation with HS-NH, presumably because BXXSE rapidly hydrolyzes in water.

II1.3.2. Spectrophotometric Assessment of Extent of Biotinylation

To quantify the extent of biotinylation, HS-N-XXB in the presence of 0.5 M
ammonium sulfate was introduced to a biotin-capture system, such as streptavidin
immobilized to agarose beads (SA-uag), and HS in the towl and non-bound fractions was
quantified spectrophotometrically by DMMB precipitation (Appendix 1L.1.).

Results and Discussion;

Unfortunately, both unmeodified and modified HS bound non-specifically to SA-ag
beads but not to streptavidin-alkaline phosphatase (as assessed by pre-incubation with
SA-ag beads or streptavidin-alkaline phosphatase before PAGE separation (not shown)).
This would suggest that HS was binding non-specifically to the agarose beads themselves
rather than streptavidin, Salts and chaowropic agents (6 and 8 M urea, 2 M perchlorate, 1
M guanidinium thiocyanate, 0.3 M LiCl) were tested 1o remove HS non-specifically bound
10 the streptavidin-agarose beads; however, these agents interfered with DMMB
precipitation thereby obscuring results. 0.5 M ammonium sulfate during binding and

washing seemed to reduce non-specific binding without altering DMMB precipitation. The
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estimated % biotinylation of the first HS-N-XXB preparation wis about 29%. This
technique, however, had a high background and narrow detection range (0.1 w0 1 pg HS).
The other method (used in remaining studies) to estimate % biotinylation was 0 measure,
by difference, the non-bound fruction after conjugation with fluorescent tag (Section
11.3.3.). Using this method, the same preparation was found 0 be 30 1©0 33% biotinylated,
which was close to that determined by the DMMB method.

IL.33. Fluorometric Assessment of the Extent of Biotinylation

Another method 0 determine the extent of biotinyltion of HS-N-XXB was
performed after fluorescent labelling of the substrate (described in Section 11.1.1.).

FITC-HS-N-XXB was incubated at 37°C with SA-ag beads and washed with either
1 M-2 M perchlorate in 0.1 M Tris pH 9.5, 4 mM CDTA, or 0.2% SDS in 0.1 M Tris-HCI
pH 9.5 to remove non-specifically bound molecules. For quantitative fluorescence
measurements, samples were adjusted 10 pH 9.5 using 0.2 M Tris-HCI pH 9.5 and o1l
fluorescence and that of the washes were read in a Perkin-Elmer Model LS-5 Fluorescence
Spectrophotometer at excitation wavelength of 485 nm, emission wavelength of 525 nm
with slits set at 5 and 3 nm respectively.

Results and Discussion;

The stability of streptavidin was taken into account in testing wash buffers for
complete removal of non-specifically bound randomly labelled fluorescent HS (FITC-HS)
(prepared as described in Section IIL1.1.). Streptavidin, in addition 10 having extremely
high avidity for biotin, is also extremely stable and actually binds biotin optimally under

harsh conditions such as 9 M urea, 1 M NaCl or KCI and 4 M guanidine-HCI {139]. 6 or
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8 M urea, 1 or 2 M perchlorate, 1 or 2 M LiCl, NaCl or KCl, 1 M guanidium thiocyanate
or guanidine-HCI, 0.5 M ammonium sulfate, 0.5 mg/mL heparin, and 0.2% Triton X-100
were tested as wash buffers. An effective wash buffer for complete removal of
non-specifically bound FITC-HS with liute quenching of fluorescence was determined to
he 1 M or 2 M perchlorate in 0.1 M Tris pH 9.5, 4 mM CDVYA. 0.2% SDS in 0.1 M
Tris-HCI pH 9.5 as a wash buffer was equally effective, with less fluorescence quenching,
Neither perchlorate nor SDS were damaging to HS substrates (Figure 32b). After | hr or
overnight binding to SA-ag beads and washing with wash buffer, it appeared that
biotinylation of HS with BXXSE yielded between 25 to 50% biotinylation on average.
This was calculated based on the difference in fluorescence of wtal and non-bound
fractions (i.e. 25-50% of the fluorescence bound 10 the beads). In contrast, only 8%
binding was achieved with the biotin hydrazide reaction product.  Thus, BXXSE was the

preferred reagent for additon of biotin onto HS.

H1.4. Substrate Purification and Trial Assays
Because biotinylation of bovine kidney FITC-HS-N-XXB preparations was
incomplete (between 25 to 50% due to either incomplete reductive amination and/or
biotinylation), in the proposed fluorescent assay this would lead to high background
thereby decreasing the sensitivity of the assay. Purification of the substrate further o
remove non-biotinylated HS was therefore deemed necessary before use in a soluble assay.
IIL4.1. Substrate Purification on Streptavidin-A garose Resin

After binding total substrate o SA-ag beads and washing with wash buffer, various
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elution methods to recover the biotinylated fraction were tested. Among these, clution
under rather harsh conditions (excess biotin (100 pg/mL). 0.1 M NaOH, | mM CDTA,
neutralization with 0.1 M acetic acid and buffering with 0.1 M Tris-HCI pH 9.5) initially
appeared to be effective (as determined fluorometrically). After concentrating and atcohol
precipitating, one such preparation yielded 93% pure substrate thai was digested by KNRK
and Hep III in both immobilized and soluble digests. Unfortunately. subsequent
purifications under similar conditions yielded inconsistent results with oniy 25 o 50%
recovery. After dialysis against water t0 remove any residual biotin, typically only 40
60% of the resulting substrate was able to rebind to SA-ag beads. This would suggest that
the substrate was impure (either contaminated with non-biotinylated fluorescent HS or free
biotin} or damaged in some way that prevented interaction with SA-ag beads. Damage 10
the substrate is possible since biotin is unstable at alkaline pH and NaOH may cause
"peeling”, i.e., sequential cleavage of monosaccharide units from the reducing end of
polysaccharides [140]. Treatment with NaOH under the same conditions did not appear 1o
reduce the size of FITC-HS-N-XXB on 4 PAGE gel (Figure 32a), but this is not a
sensitive test for the loss of a few residues at one end which would release the anacherd
biotin. Longer incubation with NaOH did change the mobility of native HS and
FITC-HS-N-XXB size, as seen on a PAGE gel (Figure 32b(i) and (ii)). These factors -
might explain why full rebinding was not achieved.

Biotinylated cytochrome ¢ was prepared as a positive control for the biotinylation
reaction by BXXSE and to test gentler elution methods for substrate purification (Appendix

11.2.). Excess biotin * DMF was not able to elute biotinylated cytochrome ¢ from SA-ag
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Figure 32. PAGE separation of native and modified HS substrates after treatment with
alkali * biotin and other substances.

a. 2 pg HS-NH, or HS-N-XXB (2 preparations labelled as "HSNXXB1" and
"HSNXXB2") and 1 pg FITC-HS-N-XXB (2 preparations labelled as "FITCHSNXXB1"
and "FITCHSNXXB2") with or withour treatment with 0.1 N NaOH ("NaOH") or elution
buffer ("EB" = (.1 N NaOH, 0.1 pg/pL biotin) at 37°C for 1 hr were loaded onto a 7.5%
PAGE gel, electrophoresed and stained as described in Section I.1. Reductively aminated,
biotinylated, and fluoresceinated substrates appear to be intact since they produce the
characteristic smear in the gel (although their relative amounts or ability to be stained have
decreased). Treatment with NaOH or elution buffer do not further alter mobility.

b. Samples of 1.3 pg native HS or FITC-HS-N-XXB were incubated overnight at 37°C in
the presence or absence of 0.1 N HCI, 0.1 N NaOH, 1 M perchlorate (containing 8§ mM
Tris-HCl pH 8, 4 mM CDTA), S pg proteinase K, or 0.2% SDS. After incubation, the HC1
and NaOH treated samples were neutralized with NaOH and HCl respectively. All samples
were loaded onto a 7.5% PAGE gel, elecoophoresed and stained as described in Section
L1. Panel (i) shows the methylene blue stained gels and panel (ii) shows the gel containing
fluorescent HS under UV light. Methylene blue staining and fluorescence visualization are
decreased by the various treatments. HCI and NaDH treatments appear to produce faster
migrating material compared © the FITC-HS-N-XXB control.



Figure 32.
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beads. Since separation of biotin from SA or avidin is essentdally irreversible (Ka ~ 107
M*) [139} and SA was found w0 be extremely resistant to the harshest denaturation
conditions, aliernative means of biotin capture were investigated.

H1.4.2. Substrate Purification on Moromeric Stieptavidin Resin

Monomeric avidin has been reported to have reduced affinity for biotin [141].
Non-reversible biotin-binding (high affinity) sites are blocked by biotin. Reversible
biotin-binding sites are revealed by stripping with a low pH glycine buffer. Biotinylated
substrates introduced to monomeric avidin can then be eluted with excess biotin.

Attempts 10 prepare a monomeric SA equivalent were made using SA-ag beads on
the premise that elution from monomeric streptavidin, assuming it behaves like monomeric
avidin, should occur with excess biotin. SA-ag beads were incubated in the presence of
excess biotin to block high affinity sites. Biotin was stripped from lower affinity sites with
0.1 M glycine pH 3 and the resin was washed with 0.1 M Tris pH 7.5. Biotinylated
substrates were bound, washed with 0.1 M Tris pH 7.1 and eluted with excess biotin.
Results and Discussion;

It was found that indeed biotinylated cytochrome ¢ was released with 100%
efficiency (as determined spectrophotometrically). In a small scale purification, 48%
biotinylated FITC-HS-N-XXB substrate was released with 93% efficiency (as determined
fluorometrically). However, after extensive dialysis against water 10 remove excess biotin,
only 63% bound 1o SA-ag beads. When the sume was applied to larger scale purifications,
yields were low (20%) and only 56-70% was able to rebind back to SA-ag beads. The

background, although slightly improved, was still unsuitable for a sensitive soluble assay.
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IIL43. Substrate Purification by hmmobilized Monoclonal Antibodies to Biotin

Biotinylated molecules can aiso be purified by immunoaffinity chromatography
using commercially available monoclonal antibodies to biotin that are immobilized onto
agarose beads. Binding of biotnylated molecules occurs with an affinity of a typical
antigen-antibody interaction; therefore, elution from the resin should be easier.

Commercial resin bearing immobilized monoclonal antibodies 10 biotin was
blocked with 10 mg/mL bovine serum alkumin fraction V in 10 mM phosphate pH 7.2, 0.5
M NaCl. After washing, biotinylated su"bstmte was applied to the colurnn, Elution was
performed with 0.1 M glycine pH 2.4, 0.15 M NaCl, 0.2 mg/mL biotin and fractions were
neutralized with 50 mM phosphate pH 8.

Results and Discussion:

Using biotinylated cytochrome c to test elution conditions, the above procedure
resulted in 100% recovery (as determined spectrophotometrically). With
FITC-HS-N-XX-B, only 45-50% recovery of that which did bind (<10%) was achieved
(i.e. <5% recovery) (as determined fluorometrically). - Blocking with 1 mg/mL native HS w©
reduce non-specific binding to the resin did not improve recovery. After the purified
substrate was dialyzed and concentrated, it demonstrated 57-74% rebinding. Although
promising, digestion by KNRK extract in the soluble phase appeared to be limited since
incubated digests applied to SA-ag beads did not result in significant increases in the
non-bound fluorescence. Furthermore, column capacity was low leading to low yields, and
column reusability was poor. 'Purification in bulk to gencraie usable quantities of substrate

would thus require multiple rounds of purification.
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11144, Treatment of Soluble Digests With Proteinase K Prior to Binding

Soluble digests did not fully bind 0 various biotin-capture systems suggesting that
binding of substrate was reduced in the presence of extract. Treatment of digests with
proteinase K prior io binding was performed in an attempt to improve binding.

1ts and Discussion:

Treatment of Hep III and KNRK digests with proteinase K % SDS prior to binding
increased rather than decreased the non-bound fraction on several occasions. To test the
possibility that proteinase K was digesting the amide bonds of the spacer arm "XX" of
BXXSE conjugates, the newly acquired fluorescein-X-biotin, which contined a similar
spacer arm, was tested for susceptibility to proteinase K digestion. After 48 hr incubation
of 25 nmol of fluorescein-X-biotin at 37°C with 0, 0.5 or 1 mg/mL. proteinase K, in 0.1 M
Tris pH 9.5 £ 0.1 %SDS, aliquots of digests were incubated with SA-ag beads for 1 hr and
the fluorescence of the non-bound fractions were read. With proteinase K + SDS, the %
bound did not change (98 versus 97%). Therefore, there seems to be negligible digestion
of the spacer arm (or inhibition of binding o SA-ag) by proteinase K. It is possible that
endogenous biotin or other interfering substances in extracts might have been released upon

proteinase K digestion which resulted in inhibition of substrate binding to SA-ag.

LS. Digestion of Immobilized Substrate As An Alternative to Purification
Due 1o the great difficulties encountered in purifying FITC-HS-N-XXB for use in a
soluble assay, experiments were performed to test the utility of the substrate in an

immobilized assay. Upon immobilizing the biotinylated fluorescent substrate,
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non-biotinylated fluorescent molecules could be washed away to lower the background.
The fluorescence of HS fragments liberated upon endoglycosidic cleavage would be
quantified in a fluorometer as a measure of heparanase activity.

Digestion was more apparent with SA-ag immobilized substrate than soluble
substrate due to the lower background with immobilized substrate after washing. Although
there was some dose-dependence with Hep HI or KNRK, digestion was limited (less than
10-50% off). Because SA-ag beads might sterically hinder enzyme access to the
immobilized substrate, alternative methods of immobilization were tested.

1IL5.1. NewrAvidin-Immeobilized Substrate

Because KNRK and Hep III were active in the ¥*S-ECM assay (Figure 28), a
similar configuration was adopted to immobilize fluorescent biotinylated substrate. 96-well
polystyrene plates coated with NeutrAvidin (NA) were prepared for such use. NA isa
commercially available deglycosylated form of avidin that exhibits reduced non-specific
binding. The procedures for preparation of the NA-coated plates and immobilization of
FITC-HS-N-XXB onto such plates are detailed in Appendix 11.3.

Results and Discussion;

Using a NA-coated 96-well plate, immobilized FITC-HS-N-XXB was digested by
5 mU Hep III but minimally by KNRK (Figure 33a). When soluble digests were
performed with the same substrate (which was 48% biotinylated) and subsequently bound
to NA-coated wells, Hep III was quite active while KNRK was relatively inactive (Figure
33b). The background was quite high using the soluble substrate. Boiling of KNRK

extract typically resulted in a slight increase in fluorescence of the unbound fraction rather
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Figure 33. Digestion of immobilized and soluble bovine kidney FITC-HS-N-XXB using a
NeutrAvidin coated 96-well polystyrene plate as a biotin capture systei.

NeutrAvidin coated 96-well polystyrene plates were prepared and coated with
bovine kidney FITC-HS-N-XXB as described in Appendix I1.3.

a. Immobilized digest. 50 pL of Hep III buffer (0.25 M sodium acetate pH 8, 2.5 mM
CaCly) £ 5 mU Hep III or 20 mM cacodylate buffer pH 6.1 + 50 pg KNRK extract +
boiling for 10 min or 5 pg proteinase K was added to FITC-HS-N-XXB coated wells and
incubated at 37°C in a humidified chamber overnight. Digests were removed from the
wells, Wells were washed with 50 uL 0.2 M Tris-HCI pH 9.5 and washes were pooled
with the digest. Fluorescence of the digests was read in a Perkin-Elmer LS-5 Fluorescence
Spectrophotometer at excitation and emission wavelengths of 485 and 525 nm respectively
and slit widths set at 5 and 3 nm respectively. Shown in «. are mean + SEM of miplicate
determinatons.

b. Soluble digest. 0.6 ng/uL FITC-HS-N-XXB was incubated at 37°C overnight with Hep
IIl buffer + 5 mU Hep I1I or 20 mM cacodylate buffer pH 6.1 £ KNRK extract (9.3 to 93
pg) that had or had not been boiled for 10 min. 50 pL of the digests were inroduced to
wells of a NA-coated platé and incubated at RT for 1 hr. The well contents were removed,
the wells were washed with 0.2 M Tris pH 9.5 and washes were pooled with the digests.
For a measure of total fluorescence units introduced to each well, S0 pL of original digest
was mixed with 50 pL 0.2 M Tris pH 9.5. The fluorescence of total and unbound fractions
were read in a Perkin-Elmer LS-5 Fluorescence Spectrophotometer at excitation and
emission wavelengths of 485 and 525 nm respectively and slit widths set at 5 and 3 nm
respectively. The % of the fluorescence units unbound was calculated. Shown in b. are the
mean 1+ SEM of triplicate determinations.
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than a decrease. The increase in unbound fluorescence with increasing amounts of extract
was perhaps due to intrinsic fluorescence of the extract itself or release of endogenous
biotin in the extracts. The fact that Hep III and KNRK were very active in the PAGE
assay on the same substrate as well as in the *S-ECM immobilized assay but less than
40% release resulted with NA-immobilized digests suggested that multiple biotinylation of

the substrate might have occurred instead of the desired one biotin per molecule.

NL.6. Amine Analyses of Bovine Kidney and Bovine Lung HS

The presence of amines in the native HS substrate could lead w0 subsequent
multiple biotinylation. Not only would purification become more difficult, but the presence
of more than one biotin per molecule would substantially reduce the sensitivity of the
proposed assay, since more extensive digestion would have to occur to detect a signal
(seen earlier with Hep III versus KNRK digestion of substrate). Several experiments were
performed to determine whether native bovine kidney HS actually contained free amines,
and if so, where they were located.

sults Discussion

By reacting HS with fluorescamine in solution and comparison of its fluorescence
with a glucosamine standard (as described in Appendix I1.4.), native bovine kidney HS was
found to contain amines. The number of amines per HS .was on average 1.1 which rose to
1.6 amines per molecular after reductive amination (HS-NH,) (assuming M, of 15,000).

In an awempt to determine if amines were present on bovine kidney HS itself rather

than in a contaminant, the HS stock solution was microcentrifuged to remove possible
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insoluble material and scanned in the spectrophotometer. The absence of nucleic acid
{(Ae) was confirmed. If basic proteins had co-purified with the acidic HS, they would
have migrated away from the origin when sepurated on DEAE-celivlose TLC and thus
stained with fluorescamine above the origin. To test this, HS from cenrifuged stock was
alcohol precipitated and run on a DEAE-cellulose TLC strip in 0.5 M NaCl, 0.4 M borate
pH 9.4, conditions that should aliow proteins to migrate. When stained with
fluorescamine, there was only one spot that, upon subsequent methylene blue staining, was
found to co-migrate with HS. (Another co-migrating, precipitable, anionic species is also
possible but unlikely.) To confirm the absence of contaminating acidic protein, HS stock
samples with or without proteinase K treatment (0.25 pg per pg HS at 37°C overnight)
were alcohol precipitated and run on DEAE-cellulose TLC in 0.4 M borate pH 9.4.
Staining with fluorescamine did not reveal any reduction in the fluorescence of the spot at
the origin. Also, running native HS on PAGE = proteinase K meatment did not alter
mobility in the gel or reduce staining by methylene biue (Figure 32b(i)). Thus, it appeared
that the free amine-containing material was probably not protein but was likely on the HS
molecule itself,

Free amines could be present on N-desulfated glucosamine residues as a result of
the HS isolation procedure or thgy ceuld be due o amino acids remaining after incomplete
removal of the protein components from the initial proteoglycan. In the case of HSPG,
serine, the terminal amino acid w0 which HS is linked, is often difficult to remove [98].
Reaction with dansy! chloride (an amine-reactive probe [142]), hydrolysis to

monosaccharides by boiling in 1 N HCI (a condition that would normally hydrolyze
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polysaccharides, although not confirmed for HS in a PAGE analysis), separation of
monomers on polyamide TLC sheets, and comparison to dansylated amino acid and
glucosamine standards was performed (Figure 34). Although a longer run combined with
two-dimeﬁsional chromatography and more standards would have provided greater
separation and certainty of identification, in this system, it appeared that most of the
amine-reactive material in HS was glucosamine that was still present after reductive
amination but in much smaller amounts (not visible in the photograph in Figure 34). A
faint spot corresponding to serine in HS but not in HS-NH, suggested that serine might
have been present in the native material but had been removed during reductive amination.
Therefore, N-desulfation of glucosamine residues might have occurred during initial
purification of HS if it were exposed to acidic conditions or DMSO. Also, N-deacetylated
glucosamine residues may exist as intermediate biosynthetic products but the proportion
would be small since N-deacetylated residues are converted simultaneously 1o N-sulfated
residues during biosynthesis of HS [97,98]:

To determine the location of fn‘:é amines and quantify their relative proportions,
native bovine kidney was reacted with FITC in 50% DMSO and the resuling FITC-HS
substrate was treated with 0.1 N NaOH at 37°C overnight 1o remove associaied amino
acids by alkali B-elimination {140]. After neutralization and precipitation to remove
smaller residues, it appeared that NaOH release& 35% of the fluorescence suggesting the
presence of terminal amino acids in the original substrate. The other 65% of the
‘ﬂuorescence, stable to alkali treatment, could represent internal glucosamine residues that

were N-desulfated in DMSO. Similar results were found for bovine lung HS except the
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Figure 34. TLC of hydrolyzed dansylated derivatives of bovine kidney HS.

Dansyl chloride (S-dimethylaminonapthalene-1-sulfonyl chloride) was prepared
fresh as a 25 ngy!. stock in DMF. 5 mg/mL bovine kidney HS and HS-NH, and 2.5
mg/mL glucosamine wure prepared in 0.1 M NaHCO,. The pH was checked with pH
paper (8.5 to 9). An equa volume of 25 mg/mL darsyl chloride was added and the
mixture was incubated overaight at RT in the dark. A conwmol (no HS or glucosamine) was
set up in parallel. To hydrolyze HS conjugates into monomers, HS-containing reactions
were dried down in a Speedvac Concentrator (Savant) and were treated with 1 N HCl with
boiling for 1 hr. Afier neutralization with NaOH, 2 volumes of 10% formic acid (v/v) were
added. The glucosamine reaction was diluted with 0.5 volume 10% formic acid.
Dansylated serine was prepared freshly as a 0.6 mg/mL stock in 10% formic acid (viv).
Equimolar amounts of dansylated HS ("HS"), glucosamine ("Glc-NH, (1x)") and serine
("SER") derivatives or concentrated dansyl-glucosamine ("Glc-NH, (50x)") were spotted on
a polyamide TLC sheet. The shiet was chromatographed in (200:3) (viv) H,0:90% formic
acid and visualized under UV light (image shown in a.). A more detailed diagram is shown
in b. depicting the observed colours of spots and fainter bands that did not show up in a.
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fluorescence intensity was 1/20th o 1/25th of that for bovine Kidney HS.

Native bovine kidney HS appeared to contain internal amines which was
unsatistactory for our purposes. By contrast. using the procedures outlined in Appendix
I1.4., native bovine lung HS was found o conwin fewer amines (0.07 per molecule on
average) of which the number increased with reductive amination (0.3 per molecule),
decreased with biotnylation (0 per molecule), and increased with a modified N-desulfation
procedure described in the next section (23 10 37 amines per molecule). Thus. bovine lung

HS was the more promising starting material.

IIL7. Preparation of Bovine Lung Biotinylated Fluorescent HS Using Modified
N-Desulfation Procedure

Since native bovine lung HS was found to contain fewer amines and was more
digestible than bovine kidney HS in the PAGE assay, anempts were made to sinvilarly
label bovine lung HS with biotin and fluorescein. When the N-desulfation/FITC-labelling
procedure described earlier (Section II1.1) was applied 10 bovine lung HS, bovine lung HS,
aithough as digestible by KNRK as the unlabelled substrate (such as in Figure 23c), was
found to have low incorporation of fluorescein compared 10 labelled bovine kidney HS
(about 1720 o 1/25th of bovine kidney HS as assessed using a fluorometer and
qualitatively seen in Figure 35. This substrate was somehow resistant t N-desulfation in
50% DMSO. Aliernative means ot N-desulfation were employed.

Using a more conventional N-desulfation procedure for partial N-desulfation,
bovine lung HS substrates were ﬁrﬁt converted to their pynidinium salts by ion exchange

chromatography [135]. An 0.8 x 0.6 cm column of Amberlite IR120 cation exchanger



-125-

Figure 35. PAGE assays comparing digestibility and fluorescence intensities of random
FITC-labelled bovine kidney and lung substrates.

2 pg unfractionated bovine kidney ("bk") or lung ("bl") FITC-HS (i.e., randomly
labelled with fluorescein) were incubated for 16 or { hr at 37°C with 60 ug KNRK extract
in 20 mM cacodylate pH 6.1 or 3 mU Hep III in 0.25 sodium acetate pH 8, 2.5 mM CaCl,.
Reactions were subjected to the PAGE assay as described in Figure 14. A methylene blue
stained gel is shown in panel a. while the VJV transilluminated gel is shown in b, As with
unlabelled substrate (such as in Figure 23;. bovine lung FITC-HS is digested more strongly
by KNRK than bovine kidney FITC-HS, as indicated by a greater decrease in the staining
of slower migrating material (in the upper portion of the gel) in "bl+KNRK 16 hr"
compared to "bk+KNRK 16 hr". The fluorescence intensity of the lung substrate is much
less than she 'kidney substrate as seen in b.



Figure 35.
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resin in acid (H') form was prepared in a Millipore Ulwrafree-MC Durapore 0.22 pm filter
unit contained inside a 1.5 mL Eppendort tbe with the lid removed. After washing (by
centrifugation) with water several times untl the pH of the washes reached pH 6. 100 ug
HS (Na® salt) was applied to the column and incubated 15 min at R7 10 convert it to acid
form. The flow-through fraction was collected by centrifugation and was neutralized with
1 pL pyridine. Being volatile, excess pyridine was removed under vacuum using a
Speedvac Concentrator (Savant) with heat for 5 min. Most of the HS eluted in the first
flow-through fraction as determined by spouting on Hybond-N membrane and stiining with
methylene blue. N-desulfation of the pyridinium salt of HS was carried out in 95% (vAv)
DMSO in winer for I hr at RT. After diluting 1:2 with water and adjusting the pH 0 9.5
with NaOH, the reactions were dialyzed against running water overnight in 12,000- 14,000
MWCQ dialysis wbing to remove DMSO. Using a Speedvac with heating, the dialysates
were concentrated © about 0.5 pg/ul.
Resylts and Discussion:

As a negative control for the above procedure, DMF wis used in place of DMSO.
Surprisingly, both DMF and DMSO appeared to be equally effective in introducing free
amines as assessed by TLC/fluorescamine (Figure 36a) and quantitative fluorescamine
assay for amines (from (.5 amines per molecule 10 23 or 37 amines per molecule for DMF
and DMSO respectively). The extent of amine introduction wis now greatly improved and
wits comparable 10 native bovine kidney HS while acid reatment of native bovine lung HS
using HCl was not as effective (note: treatment with 0.1 N HCI did not appear 1o

hydrolyze HS (Figure 32b)).
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Figure 36. Fluorescamine-stained TLC of acid, DMF or DMSO solvolyzed bovine lung HS
and PAGE assay of fluorescein conjugates.

a. Bovine lung HS was converted to a pyridinium salt, N-desulfated in DMF (shown as
"HS/pyr-DMF") or DMSO (shown as "HS/pyr-DMSO") as described in Section 111.7. For
comparison of DMF or DMSO solvelysis w0 acid solvolysis, bovine lung HS was treated
with 0.1 N HCI at 37°C ovemight and then neutralized with 0.1 N NaOH (shown as
"HS/HCI"). As a control, bovine lung HS was incubated in water at 37°C overnight and
then treated with 0.1 N HClI and 0.1 N NaOH simultaneously (shown as "HS-C for HCI").
0.5 pg of each was spotted on a DEAE-cellulose strip along with native lung HS ("bl HS")
and native bovine kidney HS ("bk HS"), chromatographed in 0.4 M borate pH 9.4, sprayed
twice with 15 mg/100 mL fluorescamine in acetone and visualized under UV light.

b. Water ("C") or 50 pg/mL DMSO ("DMSO-FITC") or DMF ("DMF/FITC") solvolyzed
pyridinium salts of HS were reacted at RT overnight with 2.6 mM FITC in 0.1 M sodium
acetate pH 8 and 50% DMF. The reactions were stopped with 0.15 M hydroxylamine pH
8.5 for 1 hr at RT. The reactions were alcohol precipitated at -20°C with 1/dth volume 4 M
sodium acetate pH 8 and 4 volumes cold ethanol overnight. Afier microcentritugation,
washing twice with cold ethanol and resuspending the pellets in water, 0.1 pg of each was
spotted on a DEAE-cellulose TLC strip, chromatographed in 0.4 M borute pH 9.45 and
visualized under UV light. Similar results were obtained when N-desulfated HS was
labelled with FITC in 50% DMSO.

¢. 0.5 pg of unmodified HS, and fluoresceinated DMF-solvolyzed (shown as "FITC-HS
(DMF)") or DMSO-solvolyzed (shown as "FITC-HS (DMSO)") bovine lung HS was
incubated for 16 or O hr at 37°C with 60 pg KNRK extract in 20 mM cacody late pH 6.1
and subjected to the PAGE assay as described in Figure 14. Fluoresceinated DMF- and
DMSO-solvolyzed substrates are digestible by KNRK at 16 hr, as indicated by a decrease
in the staining of slower migrating material (in the upper portion of the gel) compared to
FITC-HS controls. In the methylene blue stained gel shown, there is some interfering high
molecular weight material due to the KNRK extract. (Note: A lesser amount of HS than
usual was used in the PAGE assay due to limited quantities of the substrates; such small
amounts in the gel were not eusily photographed when UV transilluminated).



Figure 36.
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The substrate was subsequentdy labelled with FITC as described in Section 1.1,
Again, DMF and DMSO N-desulfated HS were similarly labelled with fluorescein (Figure
36b). Furthermore, both substrates were intact and digestible by KNRK as shown in the

PAGE assay (Figure 36¢).

1IL8. Purification of Bovine Lung FITC-HS-N-XX-B on Soft-Link Sofi-Release Resin and
Trial Heparanase Assays

Because only about 13% of the molecules were biotinylated (even with repeated
biotinylation which slightly improved % biotinylation 10 21%), purification of the substrate
(bovine lung FITC-HS-N-XXB) was still necessary.

The commercially available Soft-link Soft-Release (SLSR) resin, which is
essentially monomeric avidin (refer to Section [11.4.2.) immobilized o more stable and
rigid methacrylate beads, was chosen for this purpose. Using bovine kidney FITC-HS,
appropriate wash buffer (to remove non-specific binding) was determined 1©0 be 0.05 M
Tris pH 8, 0.1% Triton X-100 and 0.15 M NaCl. Fluorescein-X-biotin was used o test
purification procedures. The SLSR resin was rinsed with 0.1 M sodium phosphate pt 7
and blocked with 3 volumes of .5 mM biotin in 0.1 M phosphate pH 7 for 30 min at RT.
After microcentrifuging 10 seconds, the supernatant was removed, The blocking siep was
repeated. The resin bed was stripped of biotin twice by incubation with 20 volumes of
10% acetic acid for 10 min RT with microcentrifuging and removal of supernatant in
between. After washing twice with 20 volumes of 0.1 M phosphite pH 7 and wwice with
20 volumes of SLSR equilibration buffer (50 mM Tris pH 8, 150 mM NaCl, 0.1% ‘Trion

X-100}, fluorescein-X-biotin diluted in SLSR equilibration buffer was incubated with the
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resin at RT for 2 hr. Washes with SLSR equilibration buffer (with 10 min RT incubation
between washes) were saved for reading. Elutions with 5 mM biotin in SLSR
equilibration buffer were collected and saved for reading after incubation at RT for 10 min.
] Discussion:

Using the above procedure, fluorescein-X-biotin was found o be 94% biotinylated
and was recovered with 97% efficiency from the SLSR resin. When the procedure was
applied t the purification of bovine lung FITC-HS-N-XXB followed by extensive dialysis
against water and concentration in a Speedvac, the % biotinylated substrate was improved
from 16-21% biotinylated o 51-54% using SA-ag beads and 80-88% using SLSR resin as
a biotin capture system. (Greater % biotinylation seen with SLSR resin may be due 10
greater biotin-binding capacity or better access to the substrate since the exclusion limit is
smaller.)

Digestion of the purified FITC-HS-N-XXB in soluble phase by 20 mU Hep III and
binding to SLSR beads resulted in a decrease in % bound fluorescence from 80 to 34%.
Digestion with 77 pg KNRK resulted in a decrease from 88 to 58% bound. With 0.5 ng
KNRK, % bound dropped from 70 to 35; unexpectediy, with increasing amounts of extract
(5 1o 50 pg protein), % bound began to increase (58-62%). Afier boiling 5¢ pg KNRK for
10 min prior to digestion (a procedure which should inhibit KNRK activity as in the
PAGE assay (Figure 25)), the % bound remained the saine. This may have been due to
intrinsic fluorescence of the extract or scattering of light due to fine precipitates in the
extract. Because of this, seluble digests using lower amounts of KNRK (0.005 © 0.5 pg

protetn) were performed and bound to SLSR resin. From Figure 37, heparanase activity
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Figure 37. Soluble digest of purified bovine lung FITC-HS-N-XXB by KNRK followed by
binding to SLSR resin.

0, 0.005, 0.05, or 0.5 pg KNRK extract + boiling for 10 min was incubated with
about 2 ng purified bovine lung FITC-HS-XXB in 20 mM cacodylate pH 6.1 at 37°C
overnight in a 10 pL volume. After the incubation, 10 yL of equilibration buffer (50 mM
Tris-HCI pH 8, 150 mM NaCl, 0.1% Triton X-100) was added to each reaction. 7.5 pL of
each mixture was incubated at 37°C for 1 hr with 5 uL SLSR resin washed in equilibration
buffer or 5 pL equilibration buffer alone. 37.5 pL equilibration buffer was added, mixed
and the resin was pelleted by brief microcentrifugation for 10 sec. The fluorescence of the
supernatant was read in a Perkin-Elmer LS-5 Fluorescence Spectrophotometer at excitation
and emission wavelengths set at 485 and 525 nm respectively and slit widths set at 5 and
10 nm respectively, zeroing on equilibration buffer. The percentage tluorescence that did
not bind to the resin was calculated and is shown as % fluorescence unbound. The results
shown represent the mean + range of duplicates.

Figure 38. Digestion of NA-immobilized bovine kidney FITC-HS-N-XXB by Hep HI.

About 7 ng of unpurified 48% biotinylated bovine kidney FITC-HS-N-XXB
substrate in 25 pL PBST (10 mM potassium phosphate pH 7.4, 150 mM NaCl, 0.1% (v/v)
Tween 20, 0.02% (w/v) NaN,) were incubated in NA-coated wells of a 96-well plate. On
average, 25% of the substrate bound to the wells. The wells were washed with 25 pL
PBST. Varying amounts of Hep III (0 to 5 mU) in 10 pL of 1x Hep III buffer (0.25 M
sodium acetate pH 8, 2.5 mM CaCl,) were introduced to the wells and incubated for 10 min
at RT. At the end of the incubation, 40 pL. PBST was added to each well, the contents
were removed and the fluorescence of each supernatant was measured in a Perkin-Elmer
LS-5 Fluorescence Spectrophotometer at excitation and emission wavelengths of 485 and
525 nm respectively and slit widths set at 5 and 10 nm respectively. The instrument was
zeroed on PBST. Points from 0.01 to 0.5 mU represent the mean + range of two
determinations. The other points represent the mean + SEM of four 10 six determinations.
Similar results were obtained using bovine lung substrate.
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was even detected at 0.05 ng KNRK protein. Boiling 0.5 pg KNRK protein largely
destroys heparanase activity. This promising assay, utilizing 2 ng of substrate which was
1/1000th of that required in the PAGE assay, could detect 100 times less KNRK
heparanase (50 ng versus 5 pg protein).

For yet to be explained reasons, when other substrates were prepared in the same
manner, the above results could not be reproduced. The substrates seemed to be unstable
as the % biotinylation appeared to decrease with ime leadizz 10 high background in
soluble assays. Digestion by KNRK extract of immobilized substrate continued to be
limited with interference from the extract. Nevertheless, the NA-coated plate configuration
was stiil useful for immobilization and digestion of FITC-HS-N-XXB kidney or lung

substrates by Hep III (Figure 38).

LY. Summary for Chapter llI

HS has been successfully reductively ;uninmeci. biotinylated and fluorescently
labelled, although the exact locations of these modifications are unclear since the
monosaccharide composition and primary sequence of our HS substrates are unknown.
The completion of a working heparanase assay using modified HS substrates has been very
difficult and, even after consulting with others in the field, the problem at hand remains
complex and unresolved. It is clear that substrates tl'rom different sources vary not only in
their digestibility but also in their quality and chemical properties. Perhaps using a better
characterized substrate could a functional assay have resulted. Since HS, which is so

heterogeneous in composition, is one of the most complex of all mammalian carbohydrates
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{97,98], it may be difficult o apply standard techniques in carbohydrate chemistry to
characterize HS. Fortunately, the field of GAG research is expanding as more techniques
are becoming available. Although further investigation into this problem is necessary, our
approach has been promising.

Having successfully fluorescently labelled HS, however, there are still some
possibilities for sensitive, quanttative heparanase assays that could be developed using
fluorescent HS without further modifications. For instance, an assay based on a selective
precipitation or selective ion exchange of high molecular weight HS from lower molecular
weight digestion products could be eﬁplo&ed. The fluorescence of the soluble fragments
could be detected with high sensitivity and could be quantified with relative ease. To
further improve the sensitivity, the fluorescein lubels could be replaced with a
chemiluminescent label such as isoluminol, a smaller, less bulky and less hydrophobic
label. This may render the substrate more digestible and its detection may be less subject

to interference by intrinsic fluorescence of the extract.



OVERALL CONCLUSION OF THESIS

In Part A of this thesis, [ have described conditions that induce a very high level of
differentiation of U-937 cells with respect to their ability w proeduce O, RA was found
to be a potent inducer of U-937 differentation. The effects of RA were polentdated by
known NO- donors (GTN, MOL, CAS 936) and TNM (a potential NO- or other reactive
nitrogen intermediate donor). While RA is a known inducer of U-937 differentiation,
reported here is the first evidence that NO- or other reactive nirogen imemmdimés may
also enhance RA-induced differentiation of these cells. RA-induced differentiation is also
accompanied by a slight increase in heparanase activity, an effect enhanced when
combined with TNM (Part B). This suggests that RA and reactive nitrogen intermediates
might also be involved in the induction of heparanase.

The PAGE-based heparanase assay, the preferred assay at this point, has proven
be useful and reliable in terms of detecting heparanase activity in a variety of cell types
and using a variety of HS substrates. It is clear that different heparanases digest different
HS substrates and differ in sensitivity to inhibiton by heparin. From the PAGE studies,
KNRK cells have been shown to possess an active heparanase which may be similar to the
metastatic melanoma enzyme. The PAGE assay, although semi-quumiuuiye and
time-consuming, could stll be used for screening purposes since it is moderately sensitive.
The PAGE and fluorescence studies have considerably increased our understanding of the

nature of heparanases and HS substrates, although much remains 0 be learned. _



-134-

REFERENCES

1. Bimboim. H. C. & Jevcuk, J. J. (1981) Fluorometric method for rapid detection of DNA

sirand breaks in human white blood cells produced by low doses of mdiation. Cancer Res.
41: 1889-1892.

2. Bimboim, H. C. (1982) DNA strand breakage in human teukocytes exposed 1o a tumor
promoter, phorbo! myristate acetate. Science 215: 1247-1249.

3. Bimboim, H. C. (1982) Factors which affect DNA strand breakage in human leukocy tes
exposed 10 a umor promoter. phorbol myristate acetate. CanJ Physio.Pharmacol. 60:
1359-1366.

4. Bimboim, H. C. & Kanabus-Kaminska, M. (1985) The production of DNA strand
breaks in human leukocytes by superoxide anion may involve a metabolic process.
Proc.Natl Acad Sci.USA 82: 6830-6824.

5. Bimboim, H. C. (1988) Superoxide anion may wigger DNA strand breaks in human
granulocytes by acting at a membrane target. In: Annals of the New York Academy of
Sciences. Vol. 551. Membrane in Cancer Cells (Galeot, T., Ciuadini, A.. Neri, G. &

Scarpa, A. eds.), pp. 83-94. The New York Academy of Sciences, New York.

6. Bimboim, H. C. (1990} Fluorometric analysis of DNA unwinding to study strand breaks
and repair in mammalian cells. Methods Enzymol. 186: 550-555.

7. Cross, A. R. & Jones, O. T. G. (1991) Enzymic mechanisms of superoxide production.
Biochim.Biophys.Acta 1057: 281-298,

8. Baggiolini, M. & Wymann, M. P. (1990} Turning on the respiratory burst. Trends
Biochem.Sci. 15: 69-72.

9. Dinauer, M. C. (1993) The respiratory burst oxidase and the molecular genetics of
chronic granulomatous disease. Crit.Rev.Clin.Lab.Sci. 30: 329-369.

10. Segal, A. W. & Abo, A. (1993) The biochemical basis of the NADPH oxidase of
phagocytes. Trends Biochem.Sci. 18: 43-47.

11. Bokoch, G. M. (1994) Regulation of the human neutrophil NADPH oxidase by the Rac
GTP-binding proteins. Curr.Opin.Cell Biol. 6: 212-218.

12. Jones, O. T. G., Jones, S. A., Hancock, J. T. & Topley, N. (1993) Composition and
organization of the NADPH oxidase of phagocytes and other cells. Biochem.Soc.Trans. 21:
343-346.

13. Rowosen, D., Yeung, C. L., Leto, T. L., Malech, H. L. & Kwong, C. H. (1992)



-135-

Cytochrom b558: the flavin-binding component of the phagocyte NADPH oxidase. Science
256: 1459-1462,

14. Royer-Pokor, B., Kunkel, L. M., Monuco. A. P.. Goff, S. C., Newburger, P. E..
Baehner, R. L., Cole, F. S., Cumnutte. J. T. & Orkin, S. H. (1986) Cloning the gene for an
inherited human disorder-chronic granulomatous disease-on the basis of its chromosoma
location Nawre 322: 32-38.

15. Volpp, B. D., Nauseet, W. M. & Clark, R. A. (1988) Two cytosolic neutrophil oxidase
components absent in autosomal chronic granulomatous disease. Science 242: 1295-1297.

16. Baggiolini, M., Boulay, F,, Badwey, J. A & Cumute, J. T. (1993) Activation of
neutrophil leukocytes: chemoatractant receptors and respiratory burst. FASEB J. 7:
1004-1010.

17. Wientjes, F. B., Hsuan, J. J., Towty, N. F. & Segal, A. W. (1993) p40**, a third
cytosolic component of the activation complex of the NADPH oxidase 10 contain sic
homology 3 domains. Biochem.J. 296; 557-561.

18. Sadler, K. L. & Badwey, J. A. (1988) Second messengers involved in superoxide
production by neutrophils. Function and metabolism. Hematol.Oncol.Clin.North Am. 2
185-200.

19. Lemarchand, P., Vaglio, M., Mauel, J. & Marker, M. (1992) Translocation of a small
cytosolic calcium-binding protein (MRP-8) 10 plasma membrane correlates with human
neutrophil activation. J.Biol.Chem. 267: 19379-19382,

20. Francis, J. W., Balazovich, K. I, Smolen, J. E., Margolis, D. 1. & Boxer, L. A. (1992)
Human neutrophil annexin [ promotes granule aggregation and modulates Ca*-dependent
membrane fusion. J.ClinInvest. 90: 537-544.

21. Nishizuka, Y. (1992) Intraceliutar signalling by hydrolysis of phospholipids and
activation of protein kinase C. Science 258: 607-613,

22. Zimmer, H.-G. (1992) The oxidative pentose phosphate pathway in the heart:
regulation, physiological significance, and clinical implications. Basic Res Cardiol 87:
303-316.

23. Schreck, R. & Bueuerle, P. A, (1991) A role for oxygen radicals as second messengers.
Trends Cell Biol. 1: 39-42,

24. Fialkow, L., Chan, C. K., Grinstein, S. & Downey, G. P. (1993) Regualtion of tyrosine
phosphorylation in neutrophils by the NADPH oxidase. J.Biol.Chem. 268: 17131-17137.

25. Trudel, S., Paquet, M. R. & Grinstein, S. (1991) Mechanism of vanadate-induced



-1.36-

activation of tvrosine phosphorylation and of the respiratory burst in HL-60 cells.
Biochem J. 276: 611-619.

26. Menon. S. D.. Qin. S., Graeme, R. G. & Tan. Y. H. (1993) Ditterential induction of
nuclear NF-kappaB by protein phosphatase inhibitors in primary and transformed human
cells. J.Biol Chem. 268: 26805-26812.

27. Schieven, G. L.. Kirihara. J. M., Myers, D. E.. Ledbetter, J. A. & Uckun, F. M. (1993)
Reactive oxygen intermediates activate NF-kappaB in a tyrosine-kinase dependent
mechanism and in combination with vanadate activate the p36™* and p39*® yrosine kinases
in human lymphocytes. Blood 8§2: 1212-1220.

28. Schreck, R., Rieber, P. & Baeuerle, P. A, (1991) Reactive oxygen intermediates as
apparently widely used messengers in the activation of the NF-kappaB transcription factor
and HIV-1. EMBO J. 10: 2247-2258.

29. Schulze-Osthoff, K., Beyaert, R., Vandevoorde, V.. Hiegeman, G. & Fiers, W. (1993)
Depletion of the mitochondrial electron transport abrogates the cytotwxic and
gene-inductive eftects of TNF. EMBQ J. 12: 3095-31C4.

30. Stevenson, M. A, Pollock, S. S., Coleman, C. N. & Calderwood, S. K. (1994)
X-irradiation, phorbol esters, and H,O, stimulate mitogen-uctivided protein Kinase activity
in NIH 3T3 cells through the formation of reactive oxygen intermediates. Cancer Res. 54:
12-15.

31. Pelech, S. L. & Sanghera, J. S. (1992) MAP kinases: charting the regulatory pathways.
Science 257: 1355-1356.

32. Li, S. & Sedivy, J. M. (1993) Raf-1 protein kinase activates the NF;k{lpp&lB
ranscription factor by dissociating the cytoplasmic NF-kappaB-1-kappaB complex.
ProcNatlAcadSci.USA 90: 9247-9251.

33. Park, I.-H. & Levitt, L. (1993) Overexpression of mitogen-activated protein kinase
(ERK 1) enhances T-cell cytokine gene expression: role of AP1, NF-AT, and NF-kappuB.
Blood 82: 2470-2477.

34. Eggleston, L. V. & Krebs, H. A. (1974) Regulation of the pentose phosphate cycle.
Biochem J. 138: 425

35. DeChatelet, L. R. & Parce, J. W. (1981) Hexose monophosphate shunt activity and
oxygen uptake. In: Methods for Studying Mononuclear Phagocytes (Adams, D. O,
Edelson, P. J. & Koren, H. eds.), pp. 477-488. New York, Academic Press, Inc.

36. Kletzien, R. F., Harris, P. K. W. & Foellmi, L. A, (1994) Glucose-6-phosphate
dehydrogenase: a "housekeeping” enzyme subject 10 tissue-specific regulation by hormones,



-137-

nutrients, and oxidant stress. FASEB J. 8: 174-181.

37. Harris, P. & Ralph, P. (1985) Human leukemic models of myelomonocytc
development: a review of the HL-60 and U937 cell lines. J.Leukoc Biol. 37: 407-422.

38. Zhang, L., Nakaya, K., Yoshida, T. & Kuroiwa, Y. (1992) Induction by bufalin of
differentiation of human leukemia cells HL-60, U-937. and ML1 oward
macrophage/monocyte-iike cells and its potent synergistic effect on the differentiation of
human leukemia cells in combination with other inducers. Cancer Res. 52: 4634-4641.

39. Olsson, 1. L., Breitman, T. R. & Gallo, R. C. (1982) Priming of human myeloid
leukemic cell lines HL-60 and U-937 with retinoic acid for differentiation effects of cyclic
adenosine 3':5'-monophosphate-inducing agents and a t-lymphocyte-derived differentiation
factor. Cancer Res. 42: 3928-3933.

40. Olsson, 1. L., Breitman, T, R, & Gallo, R. C. (1982) Induction of differentiation of the
human histiocytic lymphoma cell line U-937 by retinoic acid and cyclic adenosine
3:5-monophosphate-inducing agents. Cancer Res. 42: 3924-3927.

41. Taimi, M., Chateau, M.-T., Cabane, S. & Marti, J. (1991) Synergistic effect of retinoic
acid and 1,25-dihydroxyvitamin Dy on the differéntation of the human monocytic cell line
U937. Leuk.Res. 15: 1145-1152,

42, Petkovich, M., Brand, N. J., Krust, A. & Chambon, P. (1987) A human retinoic acid
receptor which belongs to the family of nuclear receptors. Natre 330: 444-450,

43. Mangelsdorf, D. I, Ong, E. S,, Dyck, J. A. & Evans, R. M. (1990) Nuclear receptor
that identifies a novel retinoic acid response pathway. Nature 345: 224-229,

44. Yu, V. C,, Delsert, C., Andersen, B., Holloway, J. M., Devary, O. V., Naar, A. M,,
Kim, 8. Y., Boutin, R.-M,, Glass, C. K. & Rosenfeld, M. G. (1991) RXRp: a coregulator
that enhances binding of retinoic acid, thyroid hormone, and vitamin D receptors to their
cognate response elements. Cell 67: 1251-1266.

45. Tsai, S. & Collins, S. 1. (1993) A dominant negative retinoic acid receptor blocks
neutrophil differentiation at the promyelocyte stage. Proc.NatlAcad.Sci.U.S.A. 90:
7153-7157.

46. McBumey, M. W, Costa, S. & Prau, M. A. C. (1993) Retinoids and cancer: a basis
for differentiation therapy. Cancer Invest. 11: 590-598.

47. Lubbert, M., Herrmann, F, & Koeffler, H. P. (1991) Expression and regulation of
myeloid-specific genes in normal and leukemic myeloid cells. Blood 77: 909-924,

48. Gullberg, U., Nilsson, E., Einhom, S. & Olsson, 1. (1985) Combinations of



-138-

interferon-gamma and retinoic actd or tec25-dihydroxycholecalciferol induce differentiation
of the human monoblast leukemia cell tine U-937. Exp Hematol, 13: 675-679.

49. Peck, R. & Bollag, W. (1991) Potendation of retinoid-induced difterentintion of HL-60
and U937 cell lines by cytokines. EwrJ.Cancer 27; 33-57.

50. Olsson, I.. Gullberg, U., Ivhed, L. & Nilsson, K. (1983) Induction of differentiation of
the human histiocytic lymphoma cell line U-937 by lalpha.25-dihydroxy cholecalciterol,
Cancer Res. 43: 5862-5867.

51. Laskin, D. L., Beavis, A. 1., Sirak, A. A., O'Connell, 8. M. & Laskin, 1. D. (1990)
Differentiaion of U-937 histiocytic lymphoma cells towards mature neutrophilic
granulccytes by dibutyryl cyclic adenosine-3',5-monophosphate. Cancer Res. 5(: 20-25.

52. Kamijo, R,, Takeda, K., Nagumo, M. & Konno. K. (1990) Effects of combinations of
ransforming growth factor-P, and wmor necrosis factor on induction of differentiation of
human myelogenous leukemic cell lines. Jimmunol. 144: 1311-1316.

53. Boss, G. R. (1989) cGMP-induced differentiation of the promyelocytic cell line HL-60.
ProcNatlAcad Sci.US A. 86: T174-7178,

54. Ignarro, L. J. (1991) Signal ransduction mechanisms involving nitric oxide.
Biochem Pharmacol. 41: 485-490.

55. Schmidt, H. H. H. W,, Lohmann, S. M. & Walter, U. (1993) The nitric oxide and
c¢GMP signal wansduction system: regulation and mechanism of action.
Biochim Biophys.Acta Mol.Cell Res. 1178: 153-175.

56. Nathan, C. (1992) Nitric oxide as a secretory product of mammalian cells. FASER J. 6
3051-3064.

57. Noack, E. & Feelisch, M. (1991) Molecular mechanisms of nitrovasoditator
bioactivation. Basic Res Cardiol 86: 37-50,

58. Ignarro, L. I, Lippton, H., Edwards, J. C., Baricos, W. H., Hyman, A. L., Kadowitz, P.
J. & Gruetter, C. A. (1981) Mechanisms of vascular smooth muscle relaxation by organic
nitrates, nitrites, nitroprusside and nitric oxide: evidence for the involvement of
S-niresothiols as active intermediates. J.Pharmacol Exp.Ther. 218: 739-749.

59. Magrinat, G., Mason, S. N,, Shami, P. J. & Weinberg, J. B. (1992) Nitric oxide
modulation of human leukemia cell differentiation and gene expression. Blood 80:
1880-1884.

60. Kurz, M. A, Boyer, T. D., Whalen, R., Peterson, T. E. & Harrison, D. G. (1993)
Nitroglycerin metabolism in vascular tissue: role of glutathione S-transferases and



-139-

refationship between NO and NQO.- formation. Biochem J. 292: 545-550.

61. Kuhn, M., Otten, A., Frolich, J. C. & Forstermann, U. (1991) Glyceryl winitrate
increases platelet cyclic GMP after metabolism in fibroblasts. EurJ.Pharmacol. 200:
175-178.

62. Kowaluk, E. A. & Fung, H.-L. (1991) Vascular niwic oxide-generating activities for
organic nitrites and organic nitrates are distinct. J Pharmacol.Exp.Ther. 259: 519-525.

63. Feelisch, M. (1991) The biochemical pathways of nitric oxide formation from
nitrovasodilators: appropriate choice of exogenous NO donors and aspects of preparation
and handling of aqueous NO solutions. J.Cardiovasc.Pharmacol. 17(Suppl.3): $25-S33.

64. Bimboim, H. C. (1983) A rapid alkaline extraction method for the isolation of plasmid
DNA. Methods Enzymol. 100: 243-256.

65. Piechaczyk, M., Blanchard, J. M., Marty, L., Dani, C., Panabieres, F., Sabouty, S. E,,
Fort, P. & Jeanteur, P. (1984) Post-transcriptional regulation of glyceraldehyde-3-phosphate
dehydrogenase gene expression in rat tssues. Nucleic A cidy Res. 12: 6951-6963.

66. Bim!w.,iu, H. C. (1993) Extraction of high molecular weight RNA and DNA from
cultured mammalian cells. Methods Enzymol. 216: 154-160.

67. Kikuchi, K., Nagano, T., Hayakawa, H., Hirata, Y. & Hirobe, M. (1993) Detection of
nitric oxide production from a perfused organ by a luminol-H,O, system. A nal.Chem. 65:
1794-1799.

68. DeVouge, M. W., Yamazaki, A., Bennet, S. A. L., Chen, J.-H., Shwed, P. S., Couture,
C. & Bimboim, H. C. (1994) Immunoselection of GRP94/endoplasmin from a KNRK
cell-specific lambda-gt11 library using antibodies directed against a putative heparanase
amino-terminal peptide. /nt.J.Cancer 56: 286-294,

69. Elferink, J. G. R. (1984) Measurement of the metabolic burst in human neutrophils: a
comparison between cytochrome ¢ and NBT reduction. Res.Commun.Chem.Path.Pharm.
43: 339-342,

70. Stamler, J. 8., Singel, D. J. & Loscalzo, J. (1992) Biochemistry of nitric oxide and its
redox-activated forms. Science 258: 1898-1902.

71. Stamler, 1. 8., Simon, D. L, Osborme, J. A., Mullins, M. E,, Jaraki, O., Michel, T.,
Singel, D. J. & Loscalzo, J. (1992) S-nitrosylation of proteins with nitric oxide: synthesis
and characterization of biologically active compounds. Proc.Natl. Acad Sci.US.A. 89
444-448,

72. Myers, P..R., Minor, R. L.Jr., Guerra, R. JJr., Bates, J. N. & Harrison, D. G. (1990)



-1440-

Vasorelaxant properties of the endothelivm-derived relaxing factor more closely resemble
S-nirosocysteine than nitric oxide. Narrre 345: 161-163.

73. Chong, S. & Fung, H.-L. (1991) Biochemical and pharmacological interactions
between niroglycerin and thiols. Effects of thiol structure on nitric oxide generation and
tolerance reversal. Biochem.Pharmacol. 42: 1433-1439.

74. Stamler, J. S., Jaraki, O., Osbome, J., Sinton, D. L., Keaney, J., Vi, J.. Singel, D,
Valeri, C. R. & Loscalzo, J. (1992) Nifric oxide circulates in mammalian plasma primarily
as an S-nitroso adduci of serum albumin. ProcNatlAcad Sci.U.S.A. 89: 7674-7677.

75. Clancy, R. M. & Abramson, S. B. (1992) Novel synthesis of S-nitrosoglutathione and
degradation by human neutrophils. A nal.Biochert. 201: 365-371.

76. Yamazaki, A. & Bimboim, H. C. (1995) Potentiation of retinoic acid-induced U-937
differentiation into respiratory burst-competent cells by nitric oxide donors. Leuk.Res. 19:
325-335.

77. Kikuchi, K., Nagano, T., Hayakawa, H., Hirata, Y. & Hirobe. M. (1993) Real time
measurement of nitric oxide produced ex vive by luminol-H,0, chemiluminescence
method. J.Biol.Chem. 268: 23106-23110.

78. Radi, R., Cosgrove, T. P., Beckman, J. S. & Freeman, B. A. (1993)
Peroxynitrite-induced lumino! chemiluminescence. BiochemJ. 290: 51-57.

79. Rodaway, A. R. F,, Teahan, C. G., Casimir, C. M,, Segal, A, W. & Bentley, D. L.
(1990) Characterization of the 47-kilodalton autosomal chronic granulomatous disease
protein: tissue-specific expression and transcriptional control by retinoic acid.
Mol.Cell.Biol. 10: 5388-5396.

80. Barker, K. A, Orkin, S. H. & Newburger, P. E. (1988) Expression of the X-CGD gene
during induced differentiation of myeloid leukemia cell line HL-60. Mol.Cell.Biol. 8:
2804-2810.

81. Levy, R, Rowrosen, D., Nagauker, O., Leto, T. L. & Maiech, H. L. (1990) Induction of
the respiratory burst in HL-60 cells: comrelation of function and protein expression.
JImmunol. 145: 2595-2601.

82. Cassatella, M. A., Hartman, L., Perussia, B. & Trinchieri, G. (1989) Tumor necrosis
factor and immune interferon synergistically induce cytochrome b-245 heavy-chain gene
expression and nicotinamide-adenine dinucleotide phosphate hydrogenase oxidase in human
leukemic myeloid cells. J.Clin.invest. 83: 1570-1579.

83. Saito, H., Kuroki, T. & Nose, K. (1989) Decrease in CuZn-superoxide dismutase
mRNA level during differentiation of human monocytic and promyelotic leukemia cells.



-141-
FEBS Lewn. 249; 253-256.

84. Auwerx, J. H,, Chait, A, Wolfbauer, G. & Deeb. S. S. (1989) Loss of copper-zinc
superoxide dismutase gene expression in differentiated cells of myelo-monocytic origin.
Blood 74: 1807-1810.

85. Diggs, L. W., Sturm, D. & Bell, A. (1985) The morphology of human blood cells.
Ed.5th, pp. 1-92. Abbott Laboratories, Abbott Park, IL.

86. Lowenstein, C. J. & Snyder, S. H. (1992) Niwic oxide, a novel biologic messenger.
Cell 70: 705-707.

87. Henry, Y., Lepoivre, M., Drapier, J.-C., Ducrocq, C., Boucher, J.-L. & Guissani, A.
(1993) EPR characterization of molecular targets for NO in mammalian cells and
organelles. FASEB J. 7. 1124-1134.

88. Rabini, J., Mulac, W. A. & Matheson, M. S. (1965) The pulse radiolysis of aqueous
tetranitromethane. I. Rate constants and the extinction coefficient of e',,. II. Oxygenated
solutions. J.Phys.Chem. 69: 53-70.

89. Ischiropoulos, H., Zhu, L., Chen, }.,, Tsai, M., Martin, J. C, Smith, C. D. & Beckman,
1. S. (1992) Peroxynitrite-mediated tyrosine nitration catalyzed by superoxide dismutase.
Arch.Biochem.Biophys. 298: 431-437,

90. Beckman, J. S., Ischiropoulos, H., Zhu, L., van der Woerd, M., Smith, C., Chen, J.,
Harrison, J., Martin, J. C. & Tsai, M. (1992) Kinetics of superoxide dismutase- and
iron-Catalyzed nitration of phenolics by peroxyniwite. A rch.Biochem.Biophys. 298:
438-445.

91. Makishima, M., Honma, Y., Hozumi, M., Sampi, K., Hattori, M., Umezawa, K. &
Motoyoshi, K. (1991) Effects of inhibitors of protein tyrosine kinase activity and/for
phosphatidy linositol tumover on differentation of some human myelomonocytic leukemia
cells. Leuk.Res. 15: 701-708.

92. Katagiri, K., Katagiri, T., Kajiyama, K., Uehara, Y., Yamamoto, T. & Yoshida, T.
(1992) Modulation of monocytic differentation of HL-60 cells by inhibitors of protein
tyrosine kinases. Cell.lmmunol. 140: 282-294,

93. Constantinous, A., Kiguchi, K. & Huberman, E. (1990) Induction of differentiation and
DNA strand breakage in human HL-60 and K-562 leukemia cells by genistein. Cancer Res.
50: 2618-2624,

94. Nakgjima, M., Irimury, T., Di Ferrante, D., Di Ferrante, N. & Nicolson, G. L. (1983)
Heparan sulfate degradation: relation to tumor invasive and metastatic properties of mouse
B16 melanoma sublines. Science 220: 611-613,



-142-

95. Damell. I, Lodish, F. & Baltimore. D. (1990) Molecular cell biology. Ed.2nd., Pp-
1-1103. Scientfic American Books. Inc. New York.

96. Nakajima, M., Irimura. T. & Nicolson. G. L. (1988) Heparanases and umor metastasts.
J.Cell.Biochem. 36: 157-167.

97. Gallagher, J. T.. Lyon. M. & Steward, W. P. (1986) Structure -nd function of heparan
sulphate proteoglycans. Biochem.J. 236: 313-325.

98. Fransson, L.-A. (1985) Mammalian giycosaminoglycans. In: The polysaccharides. Vol.
III (Aspinall, G. D. ed.), pp. 337-415. Academic Press. Inc. New York.

99. Gallagher, J. T. (1989) The extended family of proteoglycans: social residents of the
pericellular zone. Curr.Opin.Cell Biol. 1: 1201-1215.

100. David, G. (1993) Structural and functional diversity of the heparan sultate
protcogtycans. Adv.Exp.Med Biol. 313: 69-78.

101. Kjellen, L. & Lindahl, U. (1991) Proteoglycans: structures and interactions.
ArnuRev.Biochem. 60; 443-475.

102. Vlodavsky, 1., Bar-Shavit, R., Ishai-Michaeli, R., Bashkin, P. & Fuks, Z. (1991)
Extracellular sequestration and release of fibroblast growth factor: a regulatory mechanism?
Trends Biochem.Sci. 16: 268-271.

103. lozzo, R. V., Cohen, L R., Grassel, S. & Murdoch, A. D. (1994) The biology of
perlecan: the multifaceted heparun sulphate proteoglycan of basement membranes and
pericellular matrices. Biochem.J, 302: 625-639.

104. Freeman, C. & Hopwood, J. (1992) Lysosomat degradation of heparin and heparan
sulfate. Adv.Exp.Med.Biol. 313: 121-134.

105. Alexander, C. M. & Werb, Z. (1989) Proteinases and extracellular matrix remodelling,
Curr.Opin.Cell Biol. 1: 974-982.

106. Nicolson, G. L. (1989) Metastatic tumor cell interactions with endothelium, basement
membrane and tissue. Curr.Opin.Cell Biol. 1: 1009-1019.

107. Yahalom, J., Eldor, A., Fuks, Z. & Vlodavsky, 1. (1984) Degradation of sulfated

proteoglycans in the subendothelial extracellular matrix by human platelet heparitinase.
J.Clindnvest. 74: 1842-1849.

108. Nakajima, M., Irimura, T., Di Ferrante, N. & Nicolson, G. L. (1984) Metastatic
melanoma cell heparanase: characterization of heparan sulfate degradation fragments
produced by B16 melanoma endoglucuronidase. J.Biol.Chem. 259: 2283-2290),



-143-

109. Ricoveri, W. & Cappelletti, R. (1986) Heparan sulfate endoglycosidase and metastatic
potential in murine fibrosarcoma and melanoma. Cancer Res. 46: 3855-3861.

110. Hoogewerf, A. I, Leone, J. W, Reardon, [. M., Howe, W. 1., Asa, D., Heinrikson, R,
L. & Ledbetter, S. R. (1993) CXC chemokines connective tissue activating peptide-11T and
neutrophil activiting peptide-2 are heparin/heparan sulfate-degrading enzymes. J.Biol.Chem.
270: 3268-3277.

111. Bar-Ner, M., Kramer, M. D., Schirrmacher, V., Ismai-Michaeli, R., Fuks, Z. &
Vlodavsky, 1. (1985) Sequential degradation of heparan sulphate in the subendothelial
extracellular matrix by highly metastatic lymphoma cells. IntJ.Canccer 35: 483-491.

112. Oosta, G. M., Favreau, L. V., Beeler, D. L. & Rosenberg, R. . (1982) Purification
and properties of human platelet heparitinase. J.Biol.Chem. 257: 11249-11255.

113. Gallagher, J. T., Walker, A, Lyon, M. & Evans, W. H. (1988) Heparan
sulphate-degrading endoglycosidase in liver plasma membranes. Biochem.J. 250: 719-726.

114. Matzner, Y., Vlodavsky, I., Bar-Ner, M., Ishai-Michaeli, R. & Tauber, A. I. {1992)
Subcellular localization of heparanase in human neutrophils. J.Leukoc.Biol. 51: 519-524,

115. Matzner, Y., Bar-Ner, M., Yahalom, J., Ishai-Michueli, R., Fuks, Z. & Viodavsky, 1.
(1985) Degradation of heparan sulfate in the subendothelial extracellular matrix by a
readily released heparanase from human neutrophils. J.Clin.Invest. 76: 1306-1313.

116. Savion, N., Disamik, M.-H. & Nevo, Z. (1987) Murine macrophage heparanase:
inhibition and comparison with metastatic wmor cells. J.Cell.Physiol. 130: 77-84.

117. Naparstek, Y., Cohen, L. R., Fuks, Z. & Vlodavsky, I. (1984) Activated T
lymphocytes produce a matrix-degrading heparan sulphate endoglycosidase. Nature 310:
241-244.

118. Tekotte, H., Engel, M., Margolis, R. U. & Margolis, R. K. (1994) Disaccharide
composition of heparan sulfates: brain, nervous tissue storage organelles, kidney and lung.
J.Neurochem. 62: 1126-1130.

119, Jin, L., Nakygjima, M. & Nicolson, G. L. (1990) Immunochemical localization of
heparanase in mouse and human melanomas. Int./.Cancer 45: 1088-1095.

120, Jin, L., Nakajima, M. & Nicolson, G. L. (1992) Molecular cloning and expression of
human heparanase cDNA. Proc.Am.Assoc.Cancer Res. 33: 57(abs)

121. Bashkin, P, Razin, E., Eldor, A, & Vlodavsky, I. (1990) Degranulating mast cells
secrete an endoglycosidase that degrades heparan sulfate in subendothelial extracellular
matrix. Blood 75: 2204-2212.



SRRE

122, Molier. H. J., Heinegard. D. & Poulsen, J. H. (1993) Combined alcian blue and silver
starning ot subnanogram quantities of proteoglycans and glyveosaminoglveans in sodium
dodecyl sulfate-polyacrylamide gels. Anal Riochem. 209: 169-175.

123, Nakgjima. M., Iimura. T. & Nicolson, G. L. (1986) A solid-phase substrate of
heparanase: its application to assay of human melanoma for heparan sulfate degradative
acuvity. AnalBiochem. 157: 162-171.

124. Iimura, T., Nakajima, M. & Nicolson, G. L. (1986) Chemically moditied heparins as
inhibitors of heparan sulfate specific endo-beta-glucuronidase (heparanase) of metastatic
melanoma cells. Biochemistry 25: 5322-5328.

125. Vlodavsky, L., Fuks, Z., Bar-Ner, M., Ariav, Y. & Schirmmmacher, V. (19%3)
Lymphoma cell mediated degradation of sulfuted proteogiycans in subendothelial
extracellular matrix: relation to tumor cell metastasis. Cancer Res. 43: 2704-2711.

126. Yahalom, J., Fibach, E., Bar-Tana, R., Fuks, Z. & Vlodavsky. 1. (1988) Difterentiating
human leukemia cells express heparanase that degrades heparan sulfite in subendothelial
extracellular matrix. Leuk .Res. 12: 711-717.

127. Aeed, P. A,, Nakgjima, M. & Welch, D. R. (1988) The role of polymorphonuclear
leukocytes (PMN) on the growth and metastatic potential of 13762NF mammary
adenocarcinoma cells. IntJ.Cancer 42: 748-759.

128. Graham, L. D. (1994) Tumour rejection antigens of the hsp90 family (gpV6) closely
resemble wmour-associated heparanase enzymes. Biochem.J. 301: 917-918.

129. Nicolson, G. L. & Nakajima, M. (1994) Tumour rejection antigens of the hsph0

family (gp96) closely resemble umour-associated heparanase enzymes: reply. Biochem.J.
301: 918

130, Srivastava, P. K. (1994) Endo-beta-D-glucuronidase (heparanase) activity of
heat-shock protein/tumour rejection antigen gp96. Biochem.J. 301: 919

131. Nakanishi, H., Oguri, K., Yoshida, K., Itano, N., Takenaga, K., Kazama, T., Yoshida,
A. & Okayama, M. (1992) Structural differences between heparan sulphates of
proteoglycan involved in the formation of basement membranes in vivo by
Lewis-lung-carcinoma-derived cloned cells with different metastatic potentials. Biochem.J.
288: 215-224, '

132. Goddér, K., Vlodavsky, L., Eldor, A., Weksler, B. B., Haimovitz-Freidman, A, &
Fuks, Z. (1991) Heparanase activity in cultured endothelial cells. J.Cell.Physiol. 148.
274-280.

133, Bame, K. 1. (1993) Release of heparan sulfate glycosaminoglycans from



-145-

prowoglyeans in chinese hamster ovary cells does not require proteolysis of the core
protein. Bl Chem. 2087 19956-19964.

134, Sewell, R.F. Brenchley, P EC & Maliick, N, P. (1989) Human mononuclear cells
contain an endoglycosidase specific for heparan sulphate glycosaminoglyean demonstrable
with the use of a specitic solid-phase metabolically radiolabelled substrate. Biochem J. 264:
777-783.

135. Nagasawa, K. & Inoue. Y. (1980) De-N-sulfation. Methods Carbohydr.Chem. 8:
291-204.

136. Lane, C. F. (1975) Sodium cyanoborohydride - a highly selective reducing agent for
organic functional groups. Syathesis March: 135-146.

137. Udentriend, S., Stein, S., Bohlen, P., Daimnan. W.. Leimbruber, W. & Weigele, M.
(1972) Fluorescamine: a reagent for assay of amino acids, peptides, proteins. and primary
amines in the picomole range. Science 178: 871-872.

138. Roy. R., Katzenellenbogen. E. & Jennings, H. J. (1984) Improved procedures for the
conjugation of vligosaccharides 10 protein by reductive amination. Cun..Biochem Cell
Biol. 62: 270-275,

139. Updyke, T. V. & Nicolson. G. L. (1986) Immunoaftinity isolation of membrane
antigens with biotinylated monoclonal antibodies and streptavidin-agarose. M ethods
Enzymol. 121: 717-725.

140. Beeley. J. G. (1985) Laboratory technigues in biochemistry and molecular biology,
volume 16: glycoprotein and proteoglycan techniques, pp. 1-462. Elsevier Science
Publishers B.V. (Biomedical Division), Amsterdam.

141, Kohanski, R. A. & Lane, M. D. (1990) Monovalent avidin affinity columns. M ethods
Enzymol. 184: 194-200.

142, Gray. W. R. (1972) End-group analysis using dansyt chloride. Methods Enzymol. 25;
121-139.



APPENDIX I:

oMM

acry lamide/bisacrylamide mix

Amberlite IR120 H* form

ammonium persulfate

aprotinin

Aquasol 2 scintillaton fluid

azide, sodium

BI6F10

bacterial clone for pPGAPDH

bacterial clones for p47™*, gpy1™*
G6PD, SOD

BioGel Wrap

biotin

biotin hydrazide

B-mercaptoethanol

bovine intestine HS (Na® salt)
bovine kidney HS (Na* saly)
bovine lung heparin

bovine lung HS

BSS

BXXSE

cacodylate, sodium
CAS

catalase (EC 1.11.1.6)

CDTA
CEL 300 DEAE TLC sheets
CHAPS
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LIST OF MATERIALS, SUPPLIERS AND SOLUTION

COMPOSITIONS

Dr. L Viodavsky: 8O pg/ul. in 10 mM phosphate
citraie pH 6.1. 1 mM NaClL. 0.25 M omethyl
mannoside: stored at -20°C

BDH: Eleciran Acrylogel 5 mix

BDH

Bio-Rad

Sigma: 2 mg/mL stock in water, stored a -20°C
Dupont-NEN Research Products

Fisher

Dr. R. Liteplo

Dr. R. Hawley

American Type Culture Collection (ATCC)

BioDesign, Inc.

Sigma: stock prepared as 0.5 0 | mg/mL in water
with heating at 50 to 60°C to facilitie dissolving,
stored at 4°C

Sigma; 4 mM stock in 90% DMF:10% H,0; used
with 2 mg/mL HS at 0.4 mM in 0.2 M NaHCO, pll
8.3 RT: reactions terminated with 50 mM glucose
BDH

Stgma: 10 mg/mL stock in water, stored at -20°C
Sigma (pbs or pts); 10 mg/mL stock in water, stored
at -20"C

Dr. 1. Vlodavksy (from Kabi-Pharmacia); stock 1
mg/mL in water, stored at -20°C

Dr. L. Vlodavsky (from Dr. C.-M. Svihn of Kabi
Pharmacia); ~ 30 mg/mL in water, stored at -20°C
137 mM NaCi, 5 mM KCl, 0.8 mM MgSQ,, 10 mM
HEPES, pH 7.4; stored at 4C

Molecular Probes; freshly prepared as 18 mM stock
in DMF

BDH: t0x buffer = 0.2 M pH 6.1, stored at -20°C
Hoechst-Roussel Canada Inc. (Dr. B. Carter); 30 pM
in RPMI 1640 + 10% fetal calf serum prepared fresh
in subdued light, filtered through 0.2 pm filier and
used immediately

Sigma; ~ 135,000 U/mL stock in H,0, stored at

4°C

Sigma

Whatman

Sigma



chymostitin
cT
Cu,Zn-SOD
cytochrome ¢
CYS

dansyl chloride

dansylated serine

[ZPldCTP

desferal (desferrioxamine mesylate)
100x Denhardt's solution

dialysis tbing

DMEM
DMMB

DMSO

DMF

DTT

ethidium bromide
fetal calf serum
FITC (isomer 1)
fluorescamine

fluorescein-X-biotin

formaldehyde

GF/A glass fibre filter (2.5 cm dia.)
glass powder suspensions

glass scindllation vials

glycerol

glucosamine

D-glucose

D-[1-"C]glucose

GTN

2x Hep 1II reaction buffer
heparanase extraction buffer
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Sigma; 10 mM in DMSO, stored at -20°C

10 mM Tris-HCL, pH 7.5. | mM CDTA

Diagnostic Data Inc.; 2.5 mg/mL stock in BSS
ICN; 1.6 mM in water and stored at 4°C

BDH Inc; freshly prepared as a 30 mM solution

in 10 mM HCI and filtered through a 0.2 um filier
Dr. Anderson and Sigma

Dr. Anderson and Sigma

Amersham; 3000 Ci/mmol stock stored at -20°C
CIBA; 15 mM stock in water, stored at 4°C

2% (w/v) Ficoll (400,000 mw), 2% (w/v)
polyvinylpyrrolidone (40,000 mw), 2% (w/v) bovine
serum albumin fraction V, | mM CDTA

Spectrum Medical Industries, Inc.; Specira/Por
Molecular Porous Membrane Tubing, diameter
15.9 mm, MWCO 12,000 to 14,000

GIBCO BRL

Aldrich Chemical Co.; see Appendix I1.1. for
preparation procedure

J.T. Baker or Fisher

BDH

Sigma

Sigma; stock 1 mg/mL in H,0, stored at 4°C in dark
Flow Laboratories, Inc.

Sigma; freshly prepared as 26 mM in DMSO
Sigma; 15 mg/100 mL in acetone, stored at RT
shielded from the light

Molecular Probes (Dr. J. Stahl); 5 mM stock in
DMF, stored at -20°C

Fisher

Whatman

plasmid purification systems developed in our lab
Kimble

BRL

BDH; 5 mg/mL stock in water, stored at -20°C
BDH; 1 M stock in water, stored at 4°C
Amersham Canada Ltd.; supplied as a 200 pCi/mL
(54 pCi/pmol) stock, stored at -20°C

Dupont Canada Inc.; supplied as a sterile 22 mM
solution in 30% ethanol and 30% propylene glycol;
stored at 4°C

iBEX Technologies; 10 mU/pL in 20 mM Tris pH
1.5, stored at -20°C

0.5 M Na acetate pH 8, 5 mM CaCl,, stored at -20°C
50 mM MOPS pH 7.5, 5 mM NEM, 0.05% (w/v)



(stock)
heparanase extraction buffer
(working)

heparin (Na" salt), laboratory grade
HL-60

HSC 93

Hybond-N nylon membrane
hydrogen peroxide (30% v/v)
hydroxylamine hydrochloride

KNRK

luminol (5-amino-2,3-dihydro
-1,4-phthalazinedione)

lysozyme

-mercaptoethanol

methylene blue

M~Nase
5x MNase buffer

MOL

monoclonal antbodies to biotin
immobilized on agarose beads

MOPS

NaBH,CN

NBT

NEM
NeutrAvidin
NIH 3T3

NRK
oligolabelling kit
PAGE gels

PBS

PBS + typsin
PBST

PMSF
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sodium azide, 0.1 mM CDTA: stored at -20°C
stock heparanase extraction bufter + freshly added
I mM PMSF. 50 uM chymostatin, 2 pg/mL
aprotinin

Fisher: stock T mg/mL in water., stored at -20°C
ATCC

Dr. M. Buchwald. Hospital for Sick Children
Amersham

Fisher or BDH

Canlab; freshly prepared as 1.5 M stock and pH
adjusted to pH 8 with 10 N NaOH

ATCC

Sigma; 0.5 mM stock in DMSO, stored at -20°C.

BMC

BDH

Allied Chemicat Corp.; 0.1% (w/v) in 50%
ethanol/water (viv)

Sigma; 200 U/mL in 5x MNase butter + 30%

(viv) glycerol, stored at -20°C

3 mM CaCl,, 50 mM Tris-HCl pH 9.5, sored at
-20°C

Hoechst-Roussel Canada Inc. (Dr. B. Carter); 0.05 M
stock in H;O prepared fresh in subdued light, filtered
through 0.2 pm filter and used immediately

Sigma; stored at 4°C and washed prior o use

Sigma

Aldrich; stored under N, at RT; prepared fresh as a
0.8 M stock in methanol immediately before use
Sigma; 12.2 mM stock in H,0, stored at 4°C
Sigma

Pierce

ATCC

ATCC

Pharmacia LKB Biotechnology

7.5% in 1x TAC (prepared from 30% acrylamide-
bisacrylamide (19:1) mix) containing 0.025% (w/v)
ammonium persulfate and 0.1% (v/v) TEMED

2.7 mM KCI, 1.5 mM KH,PQO,, 137 mM NaCl,
4.3 mM Na,HPO,

PBS containing Ix trypsin (see below)

10 mM potassium phosphate pH 7.4, 150 mM
NaCl, 0.1% (viv) Tween 20, 0.02% (w/v) NaN,
Sigma; 20 mM in methanol, stored at -20°C



polyamide TLC sheets

polystyrene tissue culture plates

proteinase K

proteinase K/urea (lyophilized)

pyridine

RA

Rec

RecRas

restriction enzymes (EcoRI, Bgl II,
Hind III, Pst )

RPMI 1640

SA-ag

SAL

¥S-ECM plate

Sephadex G-75 resin

SLSR resin

SLSR resin equilibration buffer

10x SSC
Ix TAC

TEMED

TK6

Teflon-coated silicone septum
TNM

TPA

Triton X-100
trypan blue stain

10x trypsin-EDTA

U-937 cells

Ulrafree-MC Durapore 0.22 pm
filter unit

xuanthine

xanthine oxidase (EC 1.1.3.22).
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Dr. Peter Anderson

Falcon or Coming (10 or 15 cm; 12 or 96 well)
BDH; 5 or 10 mg/mL in water: swored at -20°C

5 ug proteinase K, 5.8 uLL 10 M urea, lyophilized
BDH

Sigma; 10 mM stock in ethanol: stored at -20°C
Rat embryo cells prepared by Steffany Bennetut
ras-transformed Rec cells prepared by S. Benneu
Pharmacia: stored at -20°C as glycerol stocks

GIBCO BRL

Sigma; resin stored at 4°C, washed prior to use
Sigma; 0.2 M stock in water adjusted to pH 6.1
with NaOH

Dr. L. Viodavsky; stored sealed at 4°C
Pharmacia: hydrated in and equilibrated with CT
Promega

50 mM Tris-HCI pH 8. 150 mM NaCl, 0.1%
Triton X-100

1.5 M NaCl, 0.15 M sodium citrate pH 6.1

40 mM Tris/20 mM sodium acetate, pH 7.8, 1
mM CDTA

Bio-Rad

ATCC

Pierce Chemical Co.

Aldrich Chemical Co., Inc.; freshly prepared in
subdued light as a 50 mM solution in 99% ethanol
LC Services Corp.; stored at -20°C as a 1x10* M
stock in DMSO

BDH

mix 4 parts 0.2% trypan blue with | part

4.25% NaCl prior to use; mix with cells in a 1;1
(v/v) rado

Gibco; 0.5% trypsin, 5.3 mM EDTA-4Na
ATCC

Millipors

Sigma; freshly prepared as 10 mM in 75 mM NaOH
Sigma, Grade 1; freshly diluted from a 19 U/mL
stock to 50 mU/mL stock in BSS
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APPENDIX H: MISCELLANEOUS PROCEDURES FOR PART B

Appendix IL1. Dimethylmethylene Biue (DMMB) Assay for HS

Dimethylmethylene blue (DMMB) is a cationic dye that binds negatively charged
molecules (such as HS. nucleic acids, acidic proteins. etc.). When binding to polyanions.
the intercalating dye molecules stack due to hydrophobic interactions causing a precipitate
to form. The precipitate is insoluble in aqueous solutions: however, it cin be solubilized in
ethanol/SDS and quantified spectrophotometrically. The formation of the precipitate is
accelerated by elevated temperature and vigorous mixing. This assay is subject to
interference by salts and chaotropes. The following procedure was used w0 determine HS
concentrations using DMMB.

0.005% (w/v) DMMB in 0.2 N sodium acetate pH 5 was prepared from a |
mg/mL stock solution in 99% ethanol, filiered through a 0.45 pm filter, and could be
stored at 22-25°C in an air-tight glass bottle for several months. 0.1 to 1.0 pg HS
standards and unknowns were diluted into 200 L water and 200 uL of 0.006% (w/v)
DMMB was added to each. After vortexing vigorously for a few seconds, the mixtures
were incubated at 37°C for | hr and microfuged for 5 min. The pellets were washed with
0.5 mL water, spun again and resuspended in 250 uL 0.5% SDSM5% ethanol with
vortexing. The samples were read in a Perkin-Elmer Lambda 5 Spectrophotometer in a
200 pL microcuvette at 652 nm.

Using this protocol, DMMB detection was linear to | ug HS. DMMB
precipitation tended to occur in the presence of salts (such as NaCl, LiCl) and was
inhibited by the presence of SDS, Triton X-100, sarkosyl, and chuotropic agents such as
urea, perchlorate, guanidinium thiocyanate. The lowest background and most reliable
results were obtained using water as the diluent.

Appendix 11.2. Biotinylation of Cytochrome C With Biotin Succinimidyl Ester

0.8 mM cytochrome ¢ (freshly prepared in water as 1.6 mM) was incubated with 2
mM BXXSE (freshly prepared as 100 mM in DMF) in 0.2 M sodium borate pH 9.4 for 2
hr at RT then overnight at 4°C. A control reaction (no BXXSE) was also set up in
parallel. The reactions were stopped by incubation with 10 mM glycine at RT for 1.5 hr
and dialyzed overnight against water at 4°C to remove excess biotin-glycine conjugates.
After binding to SA-ag beads, % biotinylation was determined spectrophotometrically
(e (oxidized cytochrome ¢)=8,900; €_(dithionite-reduced cylochrome ¢)=29,000) to be ~
55-65%.

Appendix IL3. Preparation of Immobilized FITC-HS-N-XXB Using NA Plates
a) Preparation of the NeutrAvidin (NA) Coated 96-Well Polystrene Plates

50 pL of 0.1 mg/mL or 1 mg/mL NA in 50 mM NaHCOQ, pH 9.6 was added to
each well. After ovemnight incubation at 4°C, NA was removed and wells were washed
several times with PBST (10 mM phosphate pH 7.4, 150 mM NaCl, 0.1% Twecen 20,
0.02% NaN,). To prevent drying of wells or evaporation and thus concentration of
samples, lids of the 96 well piates were lined with Whatman No. 1 paper moistened with
water. Plates were stored at 4°C sealed with parafilm until use,
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b) Immobilization of FITC-HS-N-XXB Onto NA-Coated 96-Well Polystyrene Plates

50 pL substrate diluted in PBST at less than 1 pg/mL was bound to the wells for 1
10 2 hr ¢t RT with gente shaking. Unbound substrate was removed, wells were washed
with an equal volume of PBST or 0.2 M Tris pH 9.5 and pooled with the first fraction.
Substrate that had not been introduced to the plate was similarly diluted 1o allow for
determination of the amount of fluorescence bound to each well. Coaring with a higher
concentration of NA increased substrate binding capacity of the well (at least 0.05 ng
versus 0.01 10 0.02 pg HS). To conserve NA, 0.1 mg/mL NA was routinely used
thereafier 10 coat wells. Pre-washing of wells distilled water prior 1o coating with NA was
found 10 improve reproducibility of substrate binding. Freshly prepared plates were able to
bind more substrate.

Appendix 114, Quantitative Amine Analysis Using Fluorescamine

The molar ratios of amines to molecules was determined using fluorescamine as an
amine reactive probe. Fluorescamine reacts with primary amines {137]. While
fluorescamine is rapidly degraded in water thus abolishing its fluorescence, the
fluorescamine-amine conjugate is stable. Quantification of amines in HS substrates is
accomplished by comparison of the fluorescence of fluorescamine-HS conjugates of known
molar amount to that of a standard of known amine conient per mole. The standard used
in the assay described below was glucosamine which has one amine per molecule.

Samples to be analyzed for amine content were first standardized for their
concentrations using the DMMB assay (above) with bovine kidney HS as a standard.

Glucosamine was prepared as a 5 mg/mL stock (= 23 mM) in water. For amine
analysis, glucosamine was diluted 1:100 in water. HS samples to be analyzed were diluted
with water in the range of 1 w0 5 mg/mL. In separate 0.5 mL microcentrifuge tubes, 2.5, 5
and 10 pL aliquots of standard or samples were made up to a total volume of 10 pL using
water. To each tube was added 10 uL of a solution of 0.3 M sodium borate pH 9.4,
0.15% SDS, 5 mM CDTA. After vortexing, 40 puL of 15 mg/100 mL fluorescamine in
acetone were added to each tube. The tubes were vortexed and incubated at RT in the
dark for 10 min to allow conjugation of fluorescamine with amines to occur., The reaction
was stopped and unreacted fluorescamine destroyed upon additon of 20 pL water. After
vortexing, the fluorescence of the standards and samples were read in a microcuvette using
a Perkin-Elmer L.S-5 Fluorescence Spectrophotometer at excitation and emission
wavelengths set at 390 and 475 nm respectively and slits set at 5 and 10 nm respectively.
The instrument was zeroed on water. Controls (i.e. without HS) were also subject to the
assay to determine the background. Using linear regression analysis of the standards, the
number of amines per molecule of HS was determined (average molar mass of 15,000 was
used to convert mass of HS to moles).
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