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Heparanase (HPA) is a critical enzyme involved in the remodeling of the extracellular matrix (ECM), and its
elevated expression has been linked with diseases such as various types of cancer and inflammation. The
detection of heparanase enzymatic activity holds tremendous value in the study of the cellular
microenvironment, and search of molecular therapeutics targeting heparanase, however, no structurally
defined probes are available for the detection of heparanase activity. Here we present the development
of the first ultrasensitive fluorogenic small-molecule probe for heparanase enzymatic activity via tuning
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Accepted 16th October 2020 the electronic effect of the substrate. The probe exhibits a 756-fold fluorescence turn-on response in
the presence of human heparanase, allowing one-step detection of heparanase activity in real-time with

DOI: 10.1035/d0sc04872k a picomolar detection limit. The high sensitivity and robustness of the probe are exemplified in a high-
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Introduction

Heparanase (HPA), an endo-B-glucuronidase of the glycoside
hydrolase 79 (GH79) family,"? is responsible for the cleavage of
heparan sulfate (HS) chains of heparan sulfate proteoglycans
(HSPG).? These protein-polysaccharide conjugated macromole-
cules, abundantly expressed in the extracellular matrix (ECM),
play an essential structural role in maintaining the ECM
integrity. Moreover, the HS side chains bind to an array of
biological effector molecules, such as growth factors, chemo-
kines, and cytokines, thereby serving as their reservoir that can
liberate the desired signaling molecules when needed. There-
fore the HS-degrading activity of heparanase can lead to
a variety of fundamental regulations to impact cellular
behavior, such as remodeling and degradation of the ECM,
generation of biologically active carbohydrate fragments, and
liberation of biological mediators that are bound to HS side
chains, thus controlling cellular signaling processes.**> Under
normal physiological conditions, heparanase regulates cellular
homeostasis, and its high-level expression is mainly observed in
the placenta and blood-borne cells such as platelets,
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throughput screening assay for heparanase inhibitors.

neutrophils, mast cells, and lymphocytes." Strikingly, the
expression of heparanase is significantly elevated in most types
of cancer tissues,*® and increased heparanase activity is regu-
larly linked with increased angiogenesis, metastasis, and
shortened post-surgical survival.”** The elevated enzymatic
activity of heparanase has also been reported in various
inflammatory diseases and autoimmune disorders that involve
degradation of HS side chains of HSPGs and extensive ECM
remodeling.**

Despite the existence of other isoforms, heparanase-1 is the
only known enzyme for HS cleavage.' Heparanase enzymatic
activity herein is referred to as the HS-degrading activity of
heparanase-1. Furthermore, heparanase is initially expressed as
a latent enzyme (proheparanase), which is processed in the
lysosome and secreted to the ECM where it meets the substrate
HS; therefore, its enzymatic activity cannot be represented by
the mRNA level."> Methods that can directly measure the enzy-
matic activity of heparanase are highly desired to facilitate the
basic biological study of heparanase in the context of ECM and
cellular microenvironment. Such methods are also indispens-
able in the medical examination of various physiopathological
conditions associated with heparanase activity, and in search of
molecular therapeutics targeting heparanase or its regulatory
molecules.

However, the progress on the development of heparanase
probes is disproportionate to the biological importance of the
enzyme. Several heparanase assays have emerged over the past
two decades, but these assays have encountered disadvantages
that limit their broad application."** Radioisotope-based assays
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are the most commonly used method for the detection of hep-
aranase activity; these assays measure the radioactivity using
radiolabeled heparan sulfate polysaccharides, and require
a chromatographic separation of the reaction products,
restricting their use to very small sample sizes.'"*'® A more
recent homogeneous time-resolved fluorescence assay,
currently considered the most convenient approach available to
detect heparanase activity,'®"” requires tedious multi-step
reagent addition and the output signal and substrate degrada-
tion lacks linear correlation.'® Another common drawback of
these assays developed so far is the use of heterogeneous hep-
aran sulfate polysaccharides, suffering from difficulties in the
standardization of the assays due to the structural complexity
and diversity of the polymer substrates.’>'*** To avoid the
disadvantages resulting from heterogeneity, a colorimetric
assay’' uses the pentasaccharide fondaparinux, a commonly
anticoagulant, instead of heparan sulfate as the substrate,* but
this assay has not gained broad application due to its low
sensitivity and requirement of high substrate concentration,
high temperature, and long incubation time.

Herein, we describe a fluorogenic small molecule with
a defined chemical structure that offers 756-fold fluorescence
turn-on response in the presence of human heparanase,
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Fig. 1 Heparanase's endoglycosidic cleavage mode. Blue circle:
monosaccharide residue. Red arrow: enzyme cleavage site.
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allowing one-step detection of heparanase activity in real-time
with a picomolar detection limit. Using a standard fluores-
cence microplate reader, we demonstrate the high sensitivity,
simplicity, and robustness of the probe through its application
in a high-throughput screening assay for heparanase inhibitors.

Results and discussion

The challenge in the development of structurally defined hep-
aranase probes with fluorescence readout largely stems from its
elusive substrate recognition mode, despite extensive investi-
gations being made.>®>* One known fact is that heparanase is
an endoglycosidase that can cleave the internal glycosidic bond
between a glucuronic acid (GlcUA) residue and an N-sulfoglu-
cosamine (GlcN(NS)) residue bearing either a 3-O-sulfo or a 6-O-
sulfo group.”® Regarding the substrate size, the minimum
heparanase recognition sequence discovered was a trisaccha-
ride [GleN(NS,6S)-GlcUA-GIcN(NS,6S)];”” indeed, molecules
containing the disaccharide substrate [GIcN(NS)-GlcUA] have
shown mixed results.’®*® These known features pose a signifi-
cant hurdle to the development of structurally defined hepar-
anase probes with fluorescence readout. A dye-quencher system
may be too bulky for the catalytic site of heparanase, in addition
to the synthetic challenge, while a fluorogenic system requires
the enzyme to have exoglycosidase properties to cleave the flu-
orophore off the reducing end (Fig. 1). To obtain a fluorogenic
probe, can we shift heparanase's endoglycosidic mode of action
to exoglycosidic?

To examine this hypothesis, we chemically synthesized
compounds 1 to 3 (Scheme 1). In order to achieve the 1,2-cis-o-
linkage of the disaccharide moiety, we prepared donor 5*°3°
bearing an azido group at its C-2 position, to take advantage of
the anomeric effect during glycosylation with acceptor 6.
The glycosylation of 6 with trichloroacetimidate 5 was carried
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Schemel Synthetic route to compounds 1-4. Reagents and conditions: (a) TMSOTY, 4 A MS, toluene/1,4-dioxane = 2/1, 0 °C; (b) IBr, DCM, rt; (c)
4-methylcoumarin derivatives, Ag,O, MeCN; (d) NaOMe, MeOH; (e) TrCl, Py; (f) 4-MeOCgH,COCI, DMAP, Py; (g) TFA, DCM; (h) EtzsN-SO3z, DMF;

(i) DAST, DCM; (j) H balloon, Pd/C, MeOH, rt, 4 h; (k) H,O/THF = 2/1,
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out in the presence of trimethylsilyl triflate (TMSOT{) promoter
in dry solvents. It is worth mentioning that only very little
desired disaccharide was observed while the reaction was
carried out in dichloromethane (DCM). The unexpected inter-
molecular aglycone transfer*~** was predominant mainly due to
the low reactivity of the C4-hydroxyl group. Switching the
solvent to toluene increased formation of the desired disac-
charide, and further screening of solvents achieved disaccha-
ride 7 in 79% yield with complete 1,2-cis-a-selectivity, when the
reaction was carried out in a 2/1 mixture of toluene and 1,4-
dioxane.*® Transformation of 7 into the corresponding
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brominated product 8 and further coupling with the fluo-
rophore afforded the expected product in satisfying yield (55%)
using silver oxide (Ag,0) as the activating agent in acetonitrile.
Global deacetylation of 9a, reduction of the azido group to the
amine, and subsequent saponification and sulfation reactions
led to the desired compound 1. Molecules 2 and 3 were obtained
in a similar manner (ESIf).

We tested the response of compounds 1 to 3 towards hep-
aranase (Fig. 2a and b). These compounds are innately non-
fluorescent and are stable towards solvolysis, but if the
enzyme-catalyzed hydrolysis reaction occurs, the aglycon can be
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Fig. 2 Enzymatic response of synthetic compounds. (a) Chemical structures of 1 (HADP) and its analogues 2—4. (b) Fluorescence responses of
probe HADP and control compounds 2—-4 (each 5 pM) towards human heparanase (HPA) (1 pg) in 40 mM NaOAc buffer (pH 5.0) at 37 °C,
fluorescence intensity was recorded on a Spectramax M5 Multimode plate reader (Molecular Devices, USA) at each timepoint. (c) UV-vis
absorption and (d) fluorescence (Aey = 365 nm) spectra of probe HADP (5 uM) before (blue line) and after (red line) incubation with human
heparanase (HPA) (2 png) in 40 mM NaOAc buffer (pH 5.0) for 2 h at 37 °C. Fluorescence spectra were recorded on a Fluorolog TAU-3 spec-
trofluorometer with a xenon lamp (Jobin Yvon-Spex, Instruments S. A, Inc.) (e) Fluorescence quantification of (d). Turn-on ratio is defined as the
ratio of fluorescence intensity after activation to that before activation. (f) Time dependence of fluorescence spectra of HADP (5 uM) with human
heparanase (HPA) (1 pg) from 0 min to 3 h in 40 mM NaOAc buffer (pH 5.0). Inset of (f) quantification of fluorescence intensity at 455 nm over
time. Aex = 365 nm. Vertical bars indicate mean + SD. ****p < 0.0001.
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released and fluoresce due to restored intramolecular charge
transfer (ICT).>**® Our initial results indicated that probe 2>*
could not be activated by human heparanase, while compound
3 produced a slight fluorescence signal after a long incubation
time. Compared with the structure of 2, the marginally acti-
vatable compound 3 bears an electron-withdrawing difluor-
omethyl group ortho to the glycosidic oxygen, presumably
leading to the increased leaving group ability®” of the aglycon
based on the enzymatic mechanism.***® We envisioned that the
activation energy barrier of the 6,8-difluoro-7-hydroxy-4-
methylcoumarin (DiFMU), carrying two electron-withdrawing
fluorine atoms ortho to its phenolic hydroxyl group, would be
further lowered. Consistent with our hypothesis, incubation of
the resulting probe 1 with human recombinant heparanase
produced dramatic fluorescence enhancement higher than the
background signal (Fig. 2b), and we termed compound 1 the
heparanase-activatable, difluorocoumarin-based probe (HADP).
Additionally, the fluorine substituents of DiFMU increase the
quantum yield and improve the photostability,” further
enhancing the sensitivity of HADP. A recent docking study*
suggested that 4 could have greater affinity for heparanase than
2 owing to an additional sulfate group on the 6-O position of the
glucosamine moiety. Starting with the intermediate 9a, the 6-
OH group on the glucosamine residue was selectively protected
by a bulky trityl group that could be selectively removed later for
sulfation. Upon completion of tritylation, the 4-methoxybenzoyl
group was employed to block the rest of the hydroxyl groups.
Then the trityl group was selectively removed under acid
conditions and sulfation was conducted on the newly exposed 6-
OH of the glucosamine motif to achieve the desired compound
9b. It is noteworthy that the 4-methoxybenzoyl group was used
instead of an acetyl protecting group to avoid acyl migration**
from the O-4 to O-6 position during sulfation. The remaining
steps are similar to that of compounds 1-3 described above.
With compound 4 in hand, we tested its activation by human
heparanase; the extra 6-O-sulfate at the GlcN residue was not
advantageous as no fluorescent response was observed (Fig. 2b).

To confirm that the fluorescent response of HADP was due to
liberation of the fluorophore by heparanase, the UV-vis absor-
bance and fluorescence emission profiles of HADP with or
without human heparanase were examined. HADP alone dis-
played maximal absorption at 277 nm and 313 nm (Fig. 2c);
upon incubation with heparanase, a large bathochromic shift
was observed with an absorption bump ranging from 320 nm to
365 nm, consistent with the absorption of uncaged DiFMU (pH
5.0, NaOAc buffer). HADP should be nonfluorescent (Fig. 2d)
because the hydroxyl group of DiFMU is caged with a disaccha-
ride, resulting in suppressed intramolecular charge transfer
(ICT). Upon addition of heparanase, enzyme-triggered cleavage
of the glycosidic bond exposes the free hydroxyl group of
DiFMU, which serves as a strong electron donor in the
coumarin D-7-A system, thereby recovering the ICT process
and restoring the fluorescence.’® Consistent with this mecha-
nism, HADP incubated with heparanase (HPA) (2 pg) displayed
a remarkable fluorescence enhancement of up to 756-fold (may
vary due to different instrumentation settings) at 450 nm within
2 hours (Fig. 2e). Then the time dependence of the fluorescence
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spectra of HADP (5 pM) with heparanase (HPA) (1 ng) were
investigated (Fig. 2f). The fluorescence increased dramatically
in the initial stage and reached a plateau at 2.5 h. More
importantly, the fluorescence intensity exhibited a good line-
arity to time in the initial 15 minutes (Fig. 2f), facilitating the
determination of enzyme kinetics. To further verify this mech-
anism, we used HPLC equipped with a diode array detector to
monitor the reactions (Fig. S1a and b¥). After HADP (5 uM) was
incubated with heparanase (1 pg) for 4 hours (red line), we
observed a clean conversion of the probe to a new peak at
13.1 min, clearly different from the retention time of HADP
(black line); the product also shared the same absorption as that
of DIFMU (Fig. S1a insett), suggesting the complete activation
of HADP by heparanase. Analysis of the new peak by high-
resolution electrospray ionization (HR-ESI) mass spectrometry
reported two signals at m/z 213.0359 and 235.0181 for the
protonated and sodiated adducts of DiFMU, respectively
(Fig. S21). Collectively, heparanase enzymatic activity cleaves
the glycosidic linkage of HADP to liberate the fluorescent
DiFMU. No such conversion was observed in the analysis of
compounds 2, 3 and 4 treated under the same condition
(Fig. S1bt). Recently, Davies and coworkers reported that
compound 4 could be cleaved by heparanase at a high
concentration.*

We further studied the varied reactivity of compounds 1-3
with heparanase via density functional theory (DFT) and found
that the length of the glycosidic bond of compound 1 (HADP)
was slightly longer than that of compound 2 or 3, and the energy
barrier for compound 1 (HADP) (18.67 kcal mol ') in the tran-
sition state is lower than that of compound 2 or 3 (Fig. 3, S3-
S61). Docking studies of the probes with the human heparanase
(PDB id: 5E8M) revealed little differences in the binding mode -
all three molecules bind to the enzyme in nearly identical mode,
and the substituent groups on the coumarin residue in
compounds 1 and 3 did not introduce additional binding
energy (Fig. 3, S7-S9, Table S1 and Movies S1-S37). Collectively,
the much higher reactivity of 1 (HADP) than 2 or 3 results from
inherent ground state destabilization** and transition state
stabilization.

Human heparanase has the highest enzymatic activity under
acidic conditions (pH ~5.4-6.8).*> We examined the effects of
reaction buffer and pH on the activation of HADP by heparanase
(Fig. S101). The reported working buffers for heparanase
include 50 mM 2-(N-morpholino)ethanesulfonic acid (MES)
buffer (pH 6.0)*° and 40 mM sodium acetate (NaOAc) buffer (pH
5.0).>*® To address the pH difference, we also tested 40 mM
NaOAc (pH 6.0) buffer. At pH 6.0, greater probe activation was
detected in the NaOAc buffer than what was observed in the
MES buffer, and the reactivity increased further in NaOAc buffer
when the pH was reduced to 5.0 (consistent with previous
findings").

Aware that pH also tremendously affects fluorescence
intensity,** we constructed pH profiles of HADP and the fluo-
rophore DiFMU to determine the sensitivity of the probe at the
optimal pH for heparanase activity (Fig. S11f). There was no
remarkable fluorescence change at 455 nm for HADP in the pH
ranging from 1 to 11 upon excitation, but the free fluorophore

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Calculated glycosidic bond length of compounds 1 (HADP), 2 and 3, free energy of transition state and binding modes in heparanase (HPA)

(docking of the probes with the human heparanase, PDB 5E8M).

DiFMU demonstrated significantly greater fluorescence inten-
sity at pH values above its reported pK, of 4.7.* This indicates
that HADP is inherently well-suited for heparanase activity
assays, as the liberated fluorophore will generate strong signal
at the ideal assay pH of 5.0. In contrast, the 4-methyl-
umbelliferone fluorophore of compounds 2 and 4, with a pK, of
7.8, would generate markedly low fluorescence enhancement at
this pH and would require a buffering step to optimize the assay
sensitivity — if it were activated by heparanase at all. The pK, of
DiFMU being lower than the pH of assay buffer contributes
conveniently to achieving a simple one-step ‘mix-and-go’ assay
without an additional basification step. Also, the cleavage rate
of HADP can be qualitatively measured using the standard curve

dkk Kk

of DIFMU at pH of 5, facilitating the determination of kinetic
parameters.

To confirm that HADP is selective for heparanase, the probe
was evaluated against a series of possible interfering biological
molecules and enzymes at excessively high levels (Fig. 4a).
Heparanase exhibited the largest “off-on” response, while no
fluorescence increase was observed upon addition of any other
molecules or enzymes even at superphysiological levels. For
instance, HADP showed no response to 100 uM H,0,, 5 mM
glutathione (GSH), or 5 mM cysteine (Cys), common biological
oxidizing and reducing species in cells. Hyaluronidase and
chondroitinase, which are polysaccharide lyases catalyzing the
cleavage of glyosidic bonds between N-acetyl-p-glucosamine and

Fus5 nm = 650443[HPA] + 12.03
R? = 0.9968

0.0050 0.0075 0.0100

HPA (ugur™)

0.0000  0.0025

Fig.4 Sensitivity and selectivity of HADP. (a) Fluorescence responses of probe HADP to cysteine (Cys, 5 mM), glutathione (GSH, 5 mM), hydrogen
peroxide (H,O,, 100 uM), esterase, chondroitinase ABC, hyaluronidase, lysozyme, B-glucuronidase, B-glucosidase (5 pg each) and human
heparanase (HPA, 2 ug) for 4 h. '50 pg enzyme was used. (b) Linear plot of fluorescence intensity against various concentrations of human
heparanase (HPA) at 28 min. Aey/em = 365 Nnm/455 nm. Vertical bars indicate mean + SD. ****p < 0.0001.
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p-glucuronic acid in hyaluronic acid, and between b-hex-
osaminyl and p-glucuronic acid in chondroitin, respectively, did
not afford obvious fluorescence change. Likewise, B-glucuroni-
dase did not trigger a fluorescence response from HADP, which
possesses a glycosyl substituent on the O-4 position of the glu-
curonic acid residue. Overall, HADP demonstrates remarkable
selectivity for heparanase over other glycosidases and common
biomolecules. To determine the detection limit of HADP for
heparanase, concentration-dependent studies over time were
performed with 5 uM HADP (Fig. S12at). A good linear rela-
tionship between concentration and fluorescence intensity was
obtained in the heparanase (HPA) concentration range of 0-0.01
ug uL ™!, with an equation of Fys5 nm = 650443[HPA] + 12.03 (R®
= 0.9968) (Fig. 4b). Based on the 3o/s method, the limit of
detection (LOD) of HADP was calculated to be 0.35 ng mL™* (67
pM), indicating the ultra-sensitivity of HADP for heparanase
detection. To test if HADP was suitable for rapid and quantifi-
able heparanase detection, we evaluated the kinetics of the
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probe activation by heparanase. The kinetic parameters of the
enzymatic activation of HADP by human heparanase were
determined via time-dependent fluorescence intensity
measurements in the presence of heparanase and HADP at
different concentrations (Fig. S12ct). The Michaelis constant
(Kwm), catalytic efficiency (kea/Ky) and turnover number (Kea)
were calculated to be 8.3 uM, 0.29 uM ™' min~* and 2.4 min~?,
respectively. Compared with the Ky, of fondaparinux (46 pM),**
a pentasaccharide substrate for heparanase, HADP exhibited
a significantly high affinity for heparanase.

Heparanase has been considered a drug target for cancer
and inflammation.*-*> Nonetheless, only four saccharide-based
inhibitors have been assessed in clinical trials.»* The major
challenge in screening inhibitors for heparanase is the lack of
robust assays.'® To evaluate the ability of HADP for inhibitor
screening, we first tested whether it could accurately measure
the potency of a known experimental heparanase inhibitor,
suramin. Based on our assay, the calculated ICs, value of
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Fig. 5 Application of HADP in high-throughput drug screening via a single-step fluorescence assay. (a) Inhibitory activity of suramin. (b)
Schematic of single-step mix-and-go assay for high-throughput heparanase (HPA) inhibitor screening. (c) Quality assessment of the mix-and-go
assay via manual pipetting. (d) Screening results of a 1280-compound library. Orange box: hit compound. (e) Validation of the inhibitory activity of

the hit compound. Aex/em = 365 nm/455 nm.
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suramin was 1.0 pM (Fig. 5a), in good agreement with that
determined by the previously mentioned HTRF assay.>*

The accuracy of this assay was further evaluated via manual
pipette operation to give a Z'-factor of approximately 0.7
(Fig. 5¢), indicating that the HADP-based assay can be an
excellent platform for high-throughput drug screening.®
Next, we assessed the performance of HADP in a semi-high-
throughput format, screening through a library of 1280
compounds purchased from Tocris at 10 uM in a 384-well
plate assay against heparanase (Fig. 5b and d, detailed
experiments can be found in ESI}). Several hits were identi-
fied, and further validation via an inhibition assay in triplicate
identified a new drug scaffold with micromolar inhibitory
activity (ICso = 12.5 uM) toward heparanase (Fig. 5e). These
results suggest that HADP is a sensitive and robust probe for
high-throughput screening in seeking potential heparanase
inhibitors.

Conclusions

In summary, via twisting heparanase's endoglycosidic mode of
action through modulating the electronic properties of the
algycon, we have developed the first structurally defined ultra-
sensitive fluorogenic probe HADP (1) for detecting heparanase
activity; it offers up to 756-fold fluorescence turn-on response in
the presence of human heparanase, allowing one-step detection
of heparanase activity in real-time with a picomolar detection
limit. We demonstrated the high sensitivity, simplicity, and
robustness of HADP through high-throughput screening of
novel heparanase inhibitors. The probe described will find
broad applications in basic cell biology studies, the develop-
ment of diagnostics, and drug discovery.
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