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Abstract

Heparanase, an endo-p-D-glucuronidase, cleaves cell surface and extracellular matrix heparan
sulfate (HS) chains and plays important roles in cellular growth and metastasis. Heparanase assays
reported to-date are labor intensive, complex and/or expensive. A simpler assay is critically needed
to understand the myriad roles of heparanase. We reasoned that fluorescent heparin could serve as
an effective probe of heparanase levels. Following synthesis and screening, a heparin preparation
labeled with DABCYL and EDANS was identified, which exhibited a characteristic increase in
signal following cleavage by human heparanase. This work describes the synthesis of this heparin
substrate, its kinetic and spectrofluorometric properties, optimization of the heparanase assay, use
of the assay in inhibitor screening, and elucidation of the state of heparanase in different cell lines.
Our FRET-based assay is much simpler and more robust than all assays reported in the literature
as well as a commercially available kit.
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Introduction

The role of heparanase in tumor growth, angiogenesis, and metastasis is well established
(Sanderson, Elkin, Rapraeger, llan, & Vlodavsky, 2017). Growing evidence also supports its
role in inflammation (Goldberg et al., 2013). Although heparanase is generally recognized as
an extracellular enzyme, it is also found in the cytoplasm and nucleus of cells (Chen &
Sanderson, 2009; Santos et al., 2014) and appears to be a critical regulator in the production
of exosomes (David & Zimmermann, 2016).

Human heparanase is an endo-p-D-glucuronidase that cleaves heparan sulfate (HS) chains
present in proteoglycan form on cell surfaces and in the extracellular matrix (Dempsey,
Brunn, & Platt, 2000; Fairbanks et al., 1999; Kussie et al., 1999; Sanderson et al., 2017;
Toyoshima & Nakajima, 1999). Substrate specificity studies indicate that heparanase
preferably cleaves the 1—4-inter-glycosidic bond between a glucuronic acid (GlcA) and
glucosamine-N,6-disulfate (GIcNS6S) residues, although other sequences are also likely to
be targeted (Peterson & Liu, 2013). Considering the domain structure of HS, heparanase
cleavage of this polymer is expected to generate chains of variable sizes in the range of 5 to
15 residues, although much remains to be understood about the biological roles of such
chains.

The importance of heparanase in biology has led to the development of several biochemical
and biophysical assays over the past two decades. Starting with radioisotope-based assays
developed in the late 1990s and early 2000s (Behzad & Brenchley, 2003; Freeman & Parish,
1997; Nardella & Steinkihler, 2004), newer assays have come to rely on either colorimetry
or spectrofluorimetry (Enomoto, Okamoto, Numata, & Takemoto, 2006; Hammond, Li, &
Ferro, 2010; Huang et al., 2004; Melo, Tersariol, Nader, Pinhal, & Lima, 2015; Pearson,
Kiefel, Ferro, & von Itzstein, 2011; Tsuchida, Podyma-Inoue, & Yanagishita, 2004) (see
Supplementary Table S1). A variety of substrates have been evaluated including native and
modified forms of HS (Huang et al., 2004; Melo et al., 2015; Tsuchida et al., 2004), heparan
sulfate proteoglycan (HSPG) (Enomoto et al., 2006), fondaparinux (Hammond et al., 2010;
Melo et al., 2015) and synthetic disaccharides modified with chromogenic or fluorogenic
groups (Pearson et al., 2011). Methods to detect heparanase activity have relied on either
quantifying the levels of HS degradation products (Huang et al., 2004; Tsuchida et al.,
2004), or uncleaved HS (Melo et al., 2015), or GlcA-terminated reducing ends (Hammond et
al., 2010; Melo et al., 2015).

Despite the availability of numerous assays, no particular assay appears to have been broadly
used to understand heparanase biology, pharmacology, and drug discovery. The assays
typically suffer from the involvement of multiple steps. An easier, one-step assay would
greatly help deduce inhibitors, understand substrate specificity, elucidate the mechanism of
action, and clarify the enzymatic or non-enzymatic role in cellular systems. A more robust
heparanase assay would be easier to implement (fewer steps, faster screening time, no
immobilization, no post-assay signal development), be adaptable to microplate format,
enable assaying active heparanase in cellular media, and perhaps help monitor heparanase /n
vivo.
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Although it may not be possible to achieve all these attributes in one assay, we posited that a
fluorescence resonance energy transfer (FRET)-based assay may offer a one-step solution
that can address several of these attributes. This work documents our studies on developing a
FRET-based assay for active heparanase. Our work shows that a FRET-enabled heparin
chain can effectively serve as a substrate of heparanase, help detect an active enzyme in
media, and help screen potential inhibitors.

Materials and Methods

Materials

All anhydrous organic solvents were purchased from Sigma-Aldrich (Milwaukee, WI) or
Fisher (Pittsburgh, PA) and used as received. Heparin from porcine mucosa was purchased
from Sigma-Aldrich (St. Louis, MO). EDANS and Dabcyl were from AnaSpec (Fremont,
CA). Chemical reactions sensitive to air or moisture were carried out under nitrogen
atmosphere in oven-dried amber glassware. All chemicals were of analytical grade unless
otherwise specified. Heparinases I, Il and 111 were from New England Bio-labs (Ipswich,
MA).

2.2. Synthesis of Heparin-DE

Standard carbodiimide-based linking chemistry was used to synthesize DABCYL and
EDANS labeled heparin, called heparin-DE. Unfractionated heparin (1 equivalent) was
dissolved in dd H,O to give 0.25 % (w/v) solution. To this, a solution containing 2
equivalents each DABCYL C2 amine and EDANS in DMSO were added, followed by 20
and 4 equivalents of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxy
succinimide (NHS), respectively, and the final volume made up to 2 ml with dd H,O. The
mixture was stirred for 20 h at 37° C, dialyzed against dd H,O (3500 MWCO), and
concentrated by ultrafiltration using 3000 MWCO membrane. The double labeled heparin
product so obtained, named as heparin-DE, was purified by G-15 Sephadex size exclusion
chromatography (SEC) and characterized using NMR spectroscopy. Heparin-DE was stored
at — 80 °C following lyophilization.

2.3. Expression of Human Heparanase

A modified Sf9 insect cell expression protocol, based on the published protocol, was used to
express human heparanase (HPSE). Briefly, a heparanase expression vector, pFastBac Dual,
expressing 8 kDa and 50 kDa heparanase subunits was obtained from the Guido laboratory
[University of York, UK]. The subunits were subcloned into BamHI/Pstl sites of the
pFastBac vector under the control of promoters PolH and p10, respectively. The expression
of the ligated HPSE gene led to an extra DPG tripeptide sequence in the expressed
polypeptide, as noted earlier (Wu, Viola, Brzozowski, & Davies, 2015a). The bacmid was
prepared in DH10Bac and purified according to the standard protocols (Invitrogen). The
baculovirus was produced by transfection of bacmid into Sf9 cells (Invitrogen) using
cellfectin transfection reagent. After 72 hrs cells were harvested and centrifuged (4000 rpm,
15 min, 4 °C). The supernatant containing heparanase was collected, followed by addition of
DTT (1 mM) and 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF, 0.1 mM) and then
loaded onto a HiTrap Heparin HP column (5 mL) pre-equilibrated with 20 mM HEPES
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buffer, pH 7.4, containing 100 MM NaCl and 1 mM DTT. Heparanase was eluted from the
affinity matrix using a linear salt gradient from 0.1 to 1.5 M NaCl at room temperature.
Heparanase was detected using SDS-PAGE and appropriate fractions were pooled,
exchanged with 20 mM sodium acetate buffer, pH 5.0, containing 100 mM NacCl, and stored
at —80 °C.

2.4. Western Blot Analysis

2.5.

2.6.

2.7.

Purified protein samples (20 pg) were separated on SDS-PAGE gels (Bio-Rad 8-14% gel)
and transferred to nitrocellulose membrane using Criterion™ Blotter (Bio-Rad). Blocking
was done with 5% BSA (large subunit) and 5% skim milk (small sub unit) for 1 hr followed
by overnight incubation with primary antibody (dilution 8:1000). Antibodies used for
analysis include anti-heparanase 1 (aa 301-331, Boster bio, PB9427) and anti-HPSE
(aa34-115, LS Bio, LS-C294467). This was followed by incubation with appropriate
secondary antibody and protein bands were visualized and captured using the Amersham
Imager 600 (GE Healthcare).

Heparanase Activity

Heparanase activity measurements were performed using the assay buffer (20 mM sodium
acetate buffer, pH 5.0, containing 100 mM NaCl) at 37 °C. Briefly, a 100 pL solution of
recombinant heparanase and the labeled substrate was vigorously shaken for 4 h, following
which the enzyme was inactivated by incubating on ice until the measurements were read.
The mixture was transferred to a fluorescence cuvette in a QM4 spectrofluorometer (Photon
Technology International, Birmingham, NJ) and emission read at 500 nm (Agx = 340 nm).
The excitation and emission slits were set to 0.5 mm. The observed change in fluorescence
(AF) was normalized to initial fluorescence (Fg) to calculate the % change in signal at every
addition of test sample.

Heparanase Inhibition Assay

Inhibition assays were performed using varying concentrations of heparin-DE. The
hydrolysis of heparin-DE by HPSE in the presence of suramin, a known inhibitor, was
monitored in 96-well plates (Corning® 3897) on a fluorescence microplate reader
FlexStation 111 (Molecular Devices) in a final volume of 100 L. Stock solutions of the
inhibitor were prepared in the assay buffer. Heparanase (1 pM) and suramin were incubated
for 30 min in the assay buffer at 37 °C. The hydrolytic reaction, initiated by introducing
heparin-DE (66 uM final concentration), was constantly stirred for 4 h, after which the
reaction was stopped by placing on ice and fluorescence measured at 500 nm (Agx = 340
nm) at 4 °C.

LC-MS Validation of Heparin-DE as a Substrate

Size exclusion chromatography (SEC) was used to validate heparin-DE as a substrate of
heparanase. The SEC experiments were performed using a Shodex OH Pak SB-802.5 HQ
column (8.0 mm x 300 mm; exclusion limit 10,000 Da) on a Shimadzu HPLC system
equipped with an RF-10A fluorescence detector. The hydrolytic reaction mixture (5 ul) was
injected into the column at RT, eluted with 0.5 ml/min of acetonitrile-water (0.3:1 v/v) and
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monitored at 490 nm (Agx = 330nm). RP-IP UPLC-ESI-MS analysis of reaction mixtures
was performed at 40 °C. The digestion mixtures (1 mg/ml) were analyzed using Waters
Acquity H-Class UPLC coupled to ESI-MS equipped with a triple quadrupole TQD detector.
Reversed-phase ion pairing (RP-1P) LC using a BEH C18 1.7 pm (2.1 mmx150 mm) column
and a linear gradient of 100% solvent A consisting of HyO:CH3CN (95:5, v/v) to 100%
solvent B consisting of H,O:CH3CN (15:85, v/v) in 45 min at 40 °C (flow rate 0.1 ml/min)
was employed to resolve oligosaccharides. Hexylamine (15 mM) was used as an ion-pairing
agent and hexafluoroisopropanol (100 mM) was used as an organic modifier in both solvent
systems. The ESI-MS peaks were acquired in the positive ionization mode with a capillary
voltage of 3.2 kV, extractor voltage of 1 V, cone voltage between 20 and 180 V, the radio
frequency of 0.1V, source temperature of 150 °C, and desolvation temperature of 350 °C
(Bhushan, Alabbas, Kuberan, Gupta, & Desai, 2017).

2.8. Assay for Heparanase Expression by Cells

The human mammary carcinoma cell line, MCF7 and HEK 293T were a generous gift from
the Grossman lab (Massey Cancer Center, Richmond, VA). Both cell lines were maintained
in monolayer conditions in Dulbecco's Modified Eagle Medium (DMEM) growth media
(Invitrogen, USA), supplemented with 10% fetal bovine serum (FBS), and antibiotic-
antimycotic liquid (AA) in 5% CO, at 37°C, as recommended by ATCC. The cells were
grown in 6-well tissue culture-treated plates in monolayer condition and passaged twice a
week. MCF7 cells were initially grown as a monolayer in the growth media for 24 h to
ensure efficient growth and adhesion. Subsequently, the media was replaced with FBS-free
(0% serum), minimal FBS (2% serum) or 10% serum in growth media, and the cells were
allowed to propagate for an additional 48 h in normoxia and hypoxia conditions. For
hypoxic conditions, cells were grown in a humidified atmosphere at 37°C with a stabilized
gas mixture input containing 94% N,/5% CO,/1% O, in a HERAcell 150i incubator
(ThermoScientific, USA). For normoxic conditions, cells were grown as mentioned above in
a humidified atmosphere maintained at 37°C in 5% CO,/ 95% atmospheric air in Forma
Series 11, water jacketed CO, incubator (Thermo Electron Corporation, USA). After 48
hours of incubation in the indicated conditions, the supernatants were collected and
centrifuged at 3000 rpm for 10 mins at 4°C. For the time-based heparanase activity
measurements, media was harvested at varying time points and frozen immediately at —20°C
until the readings were to be recorded. The heparin-DE substrate was added to 100 uL media
in 96-well plates (Corning® 3897) and HPSE activity of the media was measured directly.

3. Results and Discussion

3.1.

Heparanase expression in Sf9 cells

The expression of human heparanase in insect cells has been reported earlier (McKenzie et
al., 2003; Wu, Viola, Brzozowski, & Davies, 2015). We used essentially the same procedure
to express and isolate active, mature heparanase in >95% purity, as demonstrated by SDS
PAGE and Western blotting analysis (Supplementary Figure S1 and S2). The two subunits of
human heparanase, called large and small subunits, were identified using two corresponding
primary antibodies available from commercial sources. Human heparanase is not
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catalytically active without either of the subunits and we confirmed this for our enzyme (data
not shown).

3.2. Rationale for developing a FRET-based assay

FRET-based assays are routinely used for assaying enzymatic activity. When the donor and
acceptor fluorophores are incorporated into the substrate, even a small FRET signal is easier
to detect over a darker background. Typically, this results in higher sensitivity, which is good
for /n vitro diagnostics and drug discovery applications. More importantly, FRET-based
assays have been used for visualizing the sub-cellular action of proteins (Allen & Zhang,
2006; Lossi, Cocito, Alasia, & Merighi, 2016; Roderfeld et al., 2007). Although these assays
have typically involved fluorescent proteins, in principle, the design of an appropriate,
FRET-compatible heparanase substrate that can be transported to various sub-cellular
locations may help in identifying spatiotemporal effects of enzymatically active heparanase.

We reasoned that polymeric heparin, which is known to contain a few GICA—GIcNS6S
inter-glycosidic bonds (Figure 1), may serve as a heparanase substrate. Additionally,
growing evidence indicates that polymeric heparin is internalized by cells (Eroglu, Oner, &
Bostan, 2017; Maguire et al., 2014; Raman, Mencio, Desai, & Kuberan, 2013a; Wang,
Wang, Xiang, & Yao, 2010; Yu et al., 2007). This implies that if heparanase is catalytically
active at sub-cellular locations, a FRET-based heparin substrate that can be internalized may
offer an effective probe of its spatiotemporal functions. Hence, we sought to develop a
heparin analog modified with an appropriate donor-acceptor pair as a substrate of human
heparanase.

3.3. Selection of Fluorescence Labels and Labeled Heparin as Substrate

Several FRET donor-acceptor pairs are reported in the literature. We selected a few FRET
pairs rhodamine 123 (Agx = 515 nm; Agp = 540 nm) and fluoresceinamine 1 (Agx = 495
nm; Agm = 515 nm) as the first FRET pair to test with regard to HPSE assay development.
Unfortunately, following coupling and ascertaining its structure using 'H NMR
spectroscopy, we discovered that the rhodamine—heparin—fluoresceinamine substrate failed
to produce any FRET signal following HPSE treatment (data not shown). We reversed the
positions of the two fluorophores, i.e., rhodamine 123 was coupled at the reducing terminus
and fluoresceinamine 1 to a uronic acid so as to synthesize a fluoresceinamine—heparin—
rhodamine substrate. Yet, the substrate did not yield any FRET signal (data not shown).
Hence, we studied EDANS (Agx = 335 nm; Agpm = 522 nm) and DABCYL C2 (Amax =
472 nm) as a FRET pair (Rp = 33 A). Here, DABCYL acts as a dark quencher, absorbing
EDANS’ donor emission v/a vibrational energy, which could theoretically be more efficient
when in close proximity.

This implies that it may be possible to monitor HPSE activity with even a small increase in
EDANS signal. Simultaneous incubation of both fluorophores with heparin in the presence
of EDC led to the formation of labeled heparin-—DE. Four heparin—-DE samples, projected to
carry either 1 or 2 molar ratios of the two probes per average chain of unfractionated
heparin, were synthesized using varying levels of EDANS and DABCYL in the reaction
mixture (Table 1). The Supplementary Figure S3 shows the schematic illustration of
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substrate synthesis and the FRET assay. Following SEC purification, 'H NMR spectra of the
labeled products showed distinctive signals assignable to the aromatic scaffolds of the two
labels (& 8.37—7.04) and the anomeric protons (6 5.43—5.22) of heparin (Szajek et al.,
2016) (see Supplementary Figure S4). The ratio of signal integrals corresponding to these
sets of protons was used to calculate the stoichiometry of each label per average chain of
heparin (see Supplementary Material for additional information).

Structurally, both fluorophores are attached to carboxyl groups present on uronic acid
residues of heparin. The reaction conditions employed in the synthesis of heparin-DE ensure
that no other group, e.g., the reducing end aldehyde, the A-acetyl, the A & O- sulfates, the
free hydroxyl groups, present on heparin can be modified except for the carboxylic acid
groups. Yet, the nature of parent heparin polymer ensure that the heparin-DE produce is also
heterogeneous and either probe (DABCYL or EDANS) could be placed anywhere along the
chain. The key idea behind preparing this heterogeneous polymer was to assess whether
heparin-DE chains can serve as substrate and whether a reasonable FRET signal could arise
from its cleavage with heparanase.

The four potential substrates were studied for their FRET signal enhancement following
cleavage with heparanase in pH 5.0 buffer at 37 °C. Heparin—DE, carrying one molecule of
EDANS and DABCYL, was found to display the most increase in FRET signal at 500 nm
(~15%) as compared to other substrates (4 — 10%) (Figure 2). We also evaluated whether
heparin—-DE could serve as a substrate for bacterial heparin degrading enzymes, heparinases.
Treatment of heparin— DE with heparinase I resulted in FRET enhancement of ~28%, which
was similar to that observed when using a mixture of, heparinases I, Il and 11 (~22%). This
implied that heparinases degraded heparin—-DE more than that observed with heparanase.
This is not too surprising considering that heparanase tends to generate longer chains
(Rabenstein, 2002; Vreys & David, 2007), whereas the three heparinases together tend to
generate disaccharides (Silva & Dietrich, 1975).

To assess whether the FRET signal arises from cleavage of larger chains, we utilized SEC—
HPLC, which showed an increase of ~24% in the proportion of smaller oligosaccharides and
a decrease of ~50% for the longer oligosaccharides (see Supplementary Figure S5). This
implied that heparin—DE was cleaved by heparanase to a large extent. The results also show
that many polymeric chains remain because the proportion of smaller oligosaccharides did
not rise to 100%.

3.4. Optimization of Assay

To identify optimal conditions for assaying heparanase, we measured kinetic properties of
the substrate. We studied a range of heparanase levels and incubation time periods. Figures
3A and 3B show time- and heparanase- dependence of FRET signal generation at pH 5.0
and 37 °C, respectively. The results indicated that a heparanase concentration of 1 M was
necessary to produce a good FRET signal within a shorter time period (e.g., 4 hr), which is
important for screening a library of potential inhibitors. It was possible to reduce the
heparanase levels by 100-fold or so if the incubation time was correspondingly increased
(e.g., overnight) (not shown).
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A quick word on the kinetics of heparin-DE cleavage by heparanase is in order. Both plots
(Figures 3A and 3B) show that heparanase cleavage of heparin-DE follows standard
Michaelis kinetics. As heparanase cleaves the heparin-DE, product forms in linear manner
until the substrate starts to get exhausted and product formation plateaus. Likewise, the
formation of product at a fixed time point (4 h) as a function of heparin-DE concentration
increases in a linear manner, until the point where the enzyme is saturated with the substrate.
Interestingly, heparanase—heparin-DE reaction shows a decrease in FRET signal, which
could arise from photobleaching, inner filter effect and/or substrate inhibition of heparin.

The optimized assay conditions were used to measure the kinetic profile of heparanase
cleavage of heparin—-DE (Figure 3C). The Ky calculated from this assay was 4612 uM,
which implies a rather weak overall affinity of heparin—DE for the enzyme. Although most
studies reported in the literature do not disclose Kj, of substrates, fondaparinux, which is a
synthetic, homogeneous pentasaccharide, displays a comparable affinity (46 + 14 uM)
(Hammond et al., 2010). A final part of this study was to assess repeatability. We performed
these studies multiple times with different batches of heparin-DE and found identical FRET
signal and Michaelis parameters ( Vipax and Kpy).

1.5. Application of the Assay for Inhibition Studies

The FRET assay was utilized to measure the potency of suramin inhibition of heparanase.
Suramin is a known inhibitor of human heparanase. The assay was implemented in a 96-well
microplate format at 37 °C with vigorous stirring for 4 h and direct measurement of FRET
signal at 500 nm using a fluorescence microplate reader. Suramin concentration was varied
over nearly 3-orders of magnitude. Over several independent measurements, the FRET
signal was found to offer sufficiently sensitive measurement of the activity of heparanase
(Figure 4). The /Cs calculated for suramin was 330£2.5 pM, which was similar to /Csgs of
224 and 332 uM measured using ovarian cancer cells (HO-8910PM) and cervical cancer
cells (HeLa), respectively, in cell-based assays (Li et al., 2015).

We also measured the /Gy of suramin inhibition using Cisbio heparanase kit, a
commercially available product. It is a two-step assay and utilizes HS-labeled substrate
containing biotin and Eu3* cryptate. Active heparanase enzyme cleaves the substrate
resulting in a loss of energy transfer, which is detected by addition of streptavidin-XL665.
An /Csq of 170£9.1 pM was calculated for suramin inhibition of human heparanase
(Supplementary Figure S6).

3.6. Application of the Assay to Detect Heparanase Activity in Biological Samples

A majority of cancer cells including breast cancer cells secrete active heparanase, which
plays a critical role in tumor development, metastasis and neo-angiogenesis (Parish,
Freeman, & Hulett, 2001; Zcharia et al., 2001). Hence, we conducted additional studies to
determine the usefulness of our new FRET assay in monitoring the activity of the
heparanase secreted by the cancer cells. Growth and/or aggressive behavior, e.g., invasion
and metastasis of the cancer cells, is dictated by access to nutrients and oxygen. In fact,
cancer cells are exposed to different oxygen pressure and nutrients depending on the
location within the tumor. To mimic conditions experienced by cancer cells in vivo, human
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breast cancer cell line MCF7 was grown in both normoxic (20% O,) and hypoxic (5% O5)
conditions in the presence of varying amount of fetal bovine serum (0%, 2%, and 10%). For
cells grown in fetal bovine serum (FBS)-free media, heparanase activity was found to be
nearly 10% higher under hypoxic conditions as compared to normoxic conditions (Figure 5).
In contrast, cells grown in 2% FBS did not show much difference in activity between
hypoxic and normoxic conditions. Interestingly, high serum levels (10% FBS) suppressed
heparanase activity for normoxic and hypoxic conditions (data not shown). These results are
on par with an earlier report demonstrating increased levels of heparanase in MCF7 cells
grown under hypoxia and FBS-free conditions (Poupard et al., 2017).

3.7. Application to Identify Optimal Conditions of Heparanase Expression

For assessing expression of native, wild-type heparanase in different cell lines, we utilized
MCF7 and HEK 293T cell lines, which are representative of cancerous and non-cancerous
cell lines, respectively. It is widely known that heparanase expression is affected in
cancerous cells as compared to non-cancerous cells. We followed HPSE expression as a
function of time using FRET assay (Figure 6). MCF7 cells showed a gradual increase in the
heparanase activity from 0 to 24 h, which was followed by a rapid decrease in activity. In
contrast, HPSE activity measured in HEK 293T cell culture media was minimal. The results
with our FRET-based assay were also duplicated using the Cisbio kit (data not shown).

4. Conclusions and Significance

The major conclusion of this work is that full-length heparin, when appropriately modified
with donor and acceptor probes, can serve as a heparanase substrate and help quantify
heparanase activity in one step. This is especially useful because heparanase assays reported
to date, including the commercially available kits, are multi-step processes that involve
expensive reagents, long incubation times, and are limited in terms of applicability. Heparin
is a readily available chemical that can be modified with two common probes in a single step
to generate heparin-DE, the substrate studied in this work, in good yields and
reproducibility. Assay conditions developed in this work (37 °C, 4 h, pH 5.0, 1 uM HPSE, 1
mg/mL heparin-DE, microplate format) were directed to enable screening of a library of
potential inhibitors but could be also adapted for rapid and/or continuous assay of cells for
heparanase production purposes. A key potential advantage of this assay will be to assess
whether intracellular heparanase is active because heparin chains are known to be
internalized (Raman, Mencio, Desai, & Kuberan, 2013b; Zheng et al., 2017). Although
maturation of heparanase occurs extracellularly, recent studies indicate that intracellular
heparanase may exhibit catalytic activity (Leiser, Shilo, El Naaj, & Rachmiel, 2014; Yang et
al., 2015). Thus, a cell penetrating heparanase substrate would be particularly useful for
continuous monitoring of intracellular heparanase enzymatic activity.

Despite the advantages of this assay, it is important to note some limitations. Heparin-DE is
a heterogeneous substrate. This means that if a commercially relevant product is to be
produced, every batch of heparin-DE will have to be monitored with sophisticated array of
tests. In our work, we prepared several batches of heparin-DE and found equivalent results
in terms of FRET signal and label proportions in heparin-DE. This suggests excellent
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repeatability and offers confidence in further development of such as heterogeneous agent as
a probe of heparanase. However, it would also be advisable to develop a heparin—-DE chain
that is homogeneous. In addition to ease of monitoring batch-to-batch purity, a
homogeneous heparin-DE chain could perhaps also offer higher FRET signal. The design of
such a heparin substrate is in progress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Development of polymeric heparin as a FRET substrate of heparanase
. The FRET substrate enables rapid, one-step screening of heparanase
inhibitors
. The FRET substrate enables monitoring of heparanase activity in biological
media
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Figure 1.

Generic structure of heparin (R = H or SO37; Ry = H, COCHj3 or SO3™) showing typical site
(V) cleaved by human heparanase (HPSE).
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Figure 2.
FRET-based assay for human heparanase. Heparin-DE (1 mg/ml) was incubated with HPSE

(1 uM) at 37°C in 20 mM sodium acetate buffer, pH 5.0. Fluorescence emission spectra
(Aex = 340 nm) at (bold line) 0 h, (dotted line) 4 h.
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Figure 3.

Optimization of heparanase assay using heparin-DE as substrate. (A) Labeled heparin (1
mg/ml) was incubated 1 uM HPSE at 37 °C for indicated times followed by measurement of

emission at 500 nm. (B) Labeled heparin (1 mg/ml) was incubated with varying

concentrations HPSE at 37 °C for 4 h followed by fluorescence measurement. (C)
Michaelis—Menten kinetics of HPSE cleavage of heparin—DE using the optimized FRET
quenching assay. The cleavage reactions were performed in microplate format (100 pL) in
20 mM sodium acetate buffer, pH 5.0, containing 1 mg/mL heparin—-DE and 1 uM HPSE at
37 °C for 4 h. Solid lines represent curve fitting to the standard Michaelis equation. Error
bars show variation from at least 3 measurements. F and Fg are fluorescence signals
corresponding to the test sample and blank, respectively.
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Figure 4.
Suramin inhibition of HPSE using the one-step FRET quenching assay. The experiments

were performed in microplate format (100 pL) in 20 mM sodium acetate buffer, pH 5.0,
containing 1 mg/mL heparin—DE and 1 uM HPSE at 37 °C for 4 h in the presence of varying
concentrations of suramin. Solid lines represent curve fitting to standard dose-response
equation.
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Figure 5.
Detection of heparanase activity in the monolayer MCF7 cells expression medium of under

normoxic and hypoxic conditions. The cells were cultured for 48 h in FBS-free (red bars)
and 2% FBS (black bars). Results are presented as the mean+SD from at least three
independent measurements.
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Figure 6.

Expression of active heparanase by MCF7 cells under normoxic conditions. Inset shows the
HEK cells expressed HPSE activity measurement. Results are presented as the mean+SD
(n>3).
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Table 1.
Maximal fluorescence enhancement following cleavage of heparin-DE with human heparanase and bacterial

. a
heparinases I, Il and 111.

Proportions used in synthesis of  Stoichiometry per Maximal Eluorescence Enhancement (%)d

heparin—DEb heparin-DE chain
Heparanase Hep | Hep I, 11, 111
DABCYL (D) EDANS (E) D:E®
1 1 0.49:0.54 6.1+ 1|2f 18.4+20 70+1.0
2 2 0.97:1.03 145+22 28+25 22+3.0
1 2 0.33:0.65 42+10 124+22 6.4+0.5
2 1 0.60:0.37 122£20 6.9+12 4910
aLabeIed heparin (1 mg/ml) was incubated with either HPSE (1 uM), Hep 1 (2 IU) or Hep I, 11, 111 (5 mU each) at 37 °C for 4 hr followed by

measurement of emission at 500 nm.

bRepresents proportion per average chain of unfractionated heparin.

cCaIcuIated from 1H NMR spectra (see Supplementary Figure 4), as described in the main text.
dMeasured from emission at 500 nm.

D= DABCYL, E = EDANS

f. .
Represents standard deviation from at least 5 measurements.
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