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ABSTRACT: Heparanase (HPSE) is an endo-β-glucuronidase
involved in extracellular matrix remodeling in rapidly healing
tissues, most cancers and inflammation, and viral infection. Its
importance as a therapeutic target warrants further study, but such
is hampered by a lack of research tools. To expand the toolkits for
probing HPSE enzymatic activity, we report the design of a
substrate scaffold for HPSE comprised of a disaccharide substrate
appended with a linker, capable of carrying cargo until being
cleaved by HPSE. Here exemplified as a fluorogenic, coumarin-
based imaging probe, this scaffold can potentially expand the
availability of HPSE-responsive imaging or drug delivery tools
using a variety of imaging moieties or other cargo. We show that
electronic tuning of the scaffold provides a robust response to HPSE while simplifying the structural requirements of the attached
cargo. Molecular docking and modeling suggest a productive probe/HPSE binding mode. These results further support the
hypothesis that the reactivity of these HPSE-responsive probes is predominantly influenced by the electron density of the aglycone.
This universal HPSE-activatable scaffold will greatly facilitate future development of HPSE-responsive probes and drugs.

Heparanase (HPSE) is an endo-β-glucuronidase that
cleaves the glycosidic bonds of heparan sulfate (HS)

chains present in heparan sulfate proteoglycans (HSPG)
localized in the extracellular matrix (ECM) and basement
membrane.1 Through this enzymatic activity, HPSE mediates
the critical roles HS plays in both the structural integrity of the
ECM and in cell−cell signaling through the release of
cytokines, chemokines, and growth factors involved in
biological and pathological processes.2−4 Under normal
physiological conditions, high levels of HPSE are found in
the placenta and blood-borne cells such as platelets,
neutrophils, mast cells, and lymphocytes.3 Notably, HPSE is
overexpressed in most types of tumors,1,5 and its enzymatic
activity is correlated with tumor metastasis, angiogenesis, and
poor postsurgical survival.6 HPSE is also associated with
inflammatory disorders3,7 and autoimmune diseases,8 and
recent studies have elaborated its role in the infection cycle
of viruses, including SARS-CoV-2.9 These diverse and critical
influences have led HPSE to be considered a promising
pharmacological target for the diagnosis and treatment of
multiple diseases.3,4,10

Since its discovery and the elucidation of its involvement in
various pathological conditions, HPSE has met with growing
interest and the concomitant development of new tools for its
examination.11 Historically, heparan sulfate polysaccharides
were used to develop radioisotope-based14,15 or fluorescent12

assays; however these assays inherently suffer from the

heterogeneity of the polysaccharides that can be a result of
varying sources and manufacturing,13,14 prohibiting the
advancement of targeting heparanase in diagnosis and disease
treatment. The development of small-molecule HPSE probes
has long been considered the “gold standard” of HPSE
detection13 by providing simple, sensitive, and rapid methods
to detect and quantify HPSE activity. This gold standard
appeared feasible when the smallest substrate sequence of
HPSE was identified to be a trisaccharide,15 though still
challenging considering the inherent complexity of heparan
sulfate oligosaccharide synthesis.16 Considering the typical
mechanisms used in turn-on probes for enzyme activity,17 the
most attractive HPSE probe would use the disaccharide on the
nonreducing end of this reported trisaccharide, paired with a
releasable reporter, a conclusion supported by a disaccharide
glycosyl fluoride NMR-based substrate reported for HPSE.18

However, the exclusion of the third residue in the trisaccharide
substrate sequence, which is the acceptor of the glycosidic
linkage cleaved by HPSE, precludes significant interactions
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between the substrate and active site which contribute to
enzymatic processing, thus significantly compromising the
activity of the probe.19

Overcoming this design challenge, we achieved the gold
standard of HPSE probes by developing the first structurally

defined ultrasensitive fluorogenic probe HADP (heparanase
activatable disaccharide probe, Figure 1A) for single-step
detection of HPSE activity with high selectivity and
sensitivity.20 HADP has enabled a convenient and efficient
high-throughput screen for novel HPSE inhibitors.20 As

Figure 1. (A) Previous HPSE probe, HADP, tuned by the incorporation of an o,o-difluoro motif on the leaving group. While effective, this strategy
is incompatible with some desired leaving groups (fluorophores, drug payload, etc.) (B) This work presents a universal scaffold for HPSE probes,
utilizing a self-immolative linker that enables the use of standard leaving groups and reporters.

Scheme 1. Synthetic Scheme for Candidate Probes 1 and 2a

aReagents and conditions: (a) Ag2O, MeCN (dry), r.t., OVN, 54% (6) or 77% (7); (b) NaBH4, DCM/MeOH (1/5), r.t., 20 min, 64% (8) or 77%
(9); (c) PPh3, CBr4, DCM (dry), r.t., 1 h, 99% (10) or 98% (11); (d) 4-MU, K2CO3, DMF, r.t., 16 h, 50% (12) or 25% (13); (e) NaOMe, MeOH,
pH 11, r.t., 2 h; (f) PMe3, MeOH, rt, 1.5 h; 53% (14) or 55% (15) over two steps; (g) NaOH (pH 9), H2O, rt, 1.5 h; (h) Py·SO3, NaOH (pH 11),
H2O, rt, 6 h, 80% (1) or 65% (2) by HPLC, over two steps.
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predicted above, in the design of disaccharide precursors to
HADP, the use of the fluorogenic reporter 4-methylumbellifer-
one (4-MU) did not facilitate turnover of the probe by HPSE,
consistent with the exclusive endo-glycosidic nature of HPSE
enzymatic activity.21 However, by incorporating electron-
withdrawing fluorine atoms on the 4-MU reporter, ortho to
the phenolic oxygen, the resulting disaccharide HADP
successfully elicited exo-glycosidic activity from HPSE.20 To
expand the toolkits for HPSE research and medical
applications, based on the above-mentioned design strategy
(o,o-difluorination of the leaving group/reporter), we envi-
sioned that a self-immolative linker with properly tuned
electronegativity between the HPSE substrate and the cargo
would be more practical and efficient (Figure 1B): in this
scheme, the linker would provide the electronic tuning needed
for the activation by HPSE, allowing for the incorporation of a
cargo by obviating the direct modification on the cargo
molecule. This design enables facile incorporation of any cargo
ranging from imaging reporters to drugs while streamlining the
chemical synthesis of such molecules by providing a single
synthetic intermediate for later diversification (compound 10,
vide inf ra).
4-Hydroxybenzyl alcohol has been extensively employed as a

self-immolative linker in the design of prodrugs, drug delivery
systems, sensors, and molecular amplifiers, to bridge the
recognition unit and cargo of responsive probes or triggered
activation systems.22 Once the recognition unit reacts with the
corresponding analyte or biomolecule to free the phenolic
hydroxy group, simultaneous elimination occurs to release a
molecule of para quinone methide and the cargo (Figure 1B).
We incorporated this concept with our previous findings that
the addition of electron-withdrawing groups ortho to the
glycosidic linkage provided a response to HPSE activity via
weakening of the glycosidic bond and lowering of the

transition state energy for enzymatic turnover by HPSE.20

Uncertain of the necessary degree of electronic tuning needed
to generate HPSE activity with this scaffold, we designed two
molecules bearing a 4-hydroxybenzyl alcohol linker substituted
with either two or four fluorine atoms to facilitate enzymatic
cleavage by HPSE (Figure 1B). To examine our hypothesis
that a linker would enable the release of a cargo, 4-MU was
used as a fluorescent reporter to allow the detection of a
successful response to HPSE activity.

■ RESULTS AND DISCUSSION
We embarked on the synthesis of compounds 1 (4F) and 2
(2F) (Scheme 1) from disaccharide bromide 3 prepared from
commercially available glucosamine and glucose as previously
described.20 Reaction under Koenigs-Knorr glycosylation with
4-hydroxybenzaldehyde derivatives 4 and 5, bearing either four
or two fluorine atoms, respectively, afforded compounds 6 and
7. The aldehydes were subsequently reduced to the respective
primary alcohols 8 and 9, followed by an Appel reaction to
create benzyl bromides 10 and 11. A standard SN2 reaction of
fluorobenzyl bromide 10 or 11 with 4-MU in the presence of
potassium carbonate to incorporate the fluorescent reporter,
established the skeleton of the desired molecules in the form of
compounds 12 and 13. Zempleń O-deacylation followed by
Staudinger reduction of the azido group afforded the respective
amines 14 and 15. We note that Pd-catalyzed hydrogenolysis is
also a viable method for this azide reduction; however, in some
attempts, we observed simultaneous decomposition of the 4-
MU moiety (via reduction) as evidenced by a change in HPLC
retention time and absorbance spectrum (data not shown). In
contrast, Staudinger reduction with PMe3 provided good yields
with no observed side reactions and allowed direct purification
by HPLC. From here, saponification of the glucuronic acid

Figure 2. (A) Fluorescence intensity of 2F and 4F incubated with HPSE at pH 5.0. After 22 h, the pH was raised to 7.5 and the emission (B)
spectra and (C) intensity at 455 nm was measured. (D) HPLC analysis of probe conversion to the released fluorophore, 4-MU (bottom, green
trace) after 22 h.
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methyl ester followed by glucosamine N-sulfation created
compounds 1 and 2. The final compounds were characterized
by HPLC, NMR, and high-resolution ESI-MS (see Supporting
Information).
With the desired compounds in hand, we investigated the

enzymatic response of compounds 1 (4F) and 2 (2F) to HPSE
in NaOAc buffer (pH 5.0) by measuring the increase in
fluorescence emission from the (putatively) released 4-MU
reporter (Figure 2). For compound 2F, no increase in
fluorescence was observed after incubation for 22 h, while
compound 4F immediately displayed a dramatic fluorescence
enhancement (Figure 2A). Upon completion of the assay, the
pH was increased to 7.5 to fully shift the released 4-MU into its
highly fluorescent conjugate base form,23 resulting in a 43-fold
increase in fluorescence over the probe background (Figure
2B,C and Supplementary Figure S1). The conversion of 4F by
HPSE was corroborated by HPLC, giving a single new peak in
alignment with that of 4-MU (Figure 2D). In contrast, the
HPLC trace of 2F remained unchanged in the presence of
HPSE.
We extracted the kinetics of the reaction between HPSE and

probe 4F (Figure 3, Supplementary Figure S2). The enzyme−
substrate pair was measured to have a Michaelis constant (KM)
of 3.97 μM, a catalytic efficiency (kcat/KM) of 0.06 μM−1·
min−1, and a turnover number (kcat) of 0.24 min−1. Compared
to our previous probe, HADP, probe 4F exhibits approx-
imately half of the catalytic efficiency (HADP kcat/KM = 0.11
μM−1·min−1), one-third of the turnover number (HADP kcat =
0.75 min−1), and approximately twice the affinity for the
enzyme (HADP KM = 7.0 μM). The values determined here
between HPSE and HADP (Supplementary Figure S3) are
lower than those in our initial report using HADP;20 this
difference likely reflects the batch-to-batch variability in the
activity of expressed HPSE protein used in our previous and
current reports, a phenomenon also described by other
laboratories.11 Nevertheless, all compounds in this report
were reacted with the same batch of HPSE, meaning HADP

here serves as a positive control against which 2F and 4F can
be compared. Considering the kinetic values determined here,
as an exemplary fluorogenic probe, 4F demonstrates a robust
response to HPSE. This confirms our hypothesis that a linker
with tuned electronegativity will sufficiently reproduce the
activity observed for HADP.
To gain a comprehensive understanding of the nature of 4F

contributing to this activity, we executed in silico experiments
to compare probe 4F with inactive compound 2F, probe
HADP, and theoretical compound 0F (Figure 4).
In our previous work, we calculated the glycosidic bond

length between the glucuronic acid residue and the
fluorophore of HADP, discovering it to be longer than that
of the inactive control probes also examined.20 This
contributed to our hypothesis that tuning the electronegativity
of the aglycone could lead to a slightly lengthened and
weakened glycosidic bond that could be activated by HPSE.
To further challenge this hypothesis, we performed similar
calculations for 2F and 4F using our previous methods and
value for HADP as a standard (Figure 4).20 Notably, the
calculated bond length of inactive compound 2F in the
presence of the HPSE catalytic dyad24 was slightly shorter than
that of active probe HADP (Figure 4), suggesting a stronger
bond more resistant to cleavage by HPSE. On the other hand,
the calculated glycosidic bond length of active probe 4F was
slightly longer than that of HADP (Figure 4), suggesting a
weaker bond susceptible to cleavage by HPSE. Furthermore,
the theoretical compound 0F reported a significantly shorter
glycosidic bond compared to the other molecules; this likely
reflects the great influence that o,o-difluorination has on the
phenolic oxygen in these aromatic aglycones, as demonstrated
by HADP and related compounds.20,25 Still, o,o-difluorination
of the 4-hydroxy benzyl alcohol linker (2F) provides
insufficient tuning for HPSE probes. In the case of HADP,
additional electronegativity comes from the electron-with-
drawing coumarin ring system, while in the case of 4F this is

Figure 3. Kinetic analysis of 4F activation by HPSE. Fluorescence intensity in response to varying concentration of (A) HPSE or (B) probe 4F.
(C) The initial linear range from panel B, which was used to construct a (D) Lineweaver−Burk plot for 4F.
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accomplished by the further inductive effect provided by the
additional two fluorine atoms.
To examine whether the aglycone affects the interaction

with heparanase, we performed docking studies of 4F, 2F, and
theoretical compound 0F in the HPSE active site, and
compared the results to those of HADP. For the compounds
in this work, the number of fluorine atoms on the benzyl
alcohol linker did not affect the binding of the disaccharide

moiety with HPSE. The disaccharide parts of 0F, 2F, and 4F
show very similar binding patterns (Figure 5, Movies S1−S3):
the 5-carboxylic group interacts with Gly349, Gly350, and
Tyr391; the 2′-sulfamic group interacts with Asn64 and
Gly389; and, most importantly, the oxygen at the cut site of
the molecules shows direct contact with Glu225, the catalytic
residue of HPSE.24 This last observation reveals the great
cleavable nature of our probes. The hydroxyl groups on the

Figure 4. Calculated glycosidic bond lengths for 2F and 4F (and theoretical compound 0F) in the presence of the HPSE catalytic dyad,
standardized against reported probe HADP.
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disaccharide also interact with Asp62, Thr97, and Asn224.
Interestingly, the disaccharide hydroxyl group close to the
hemiacetal group also interacts with Glu343, which is the other
catalytic residue of HPSE.24 Aside from the disaccharide,
interactions with the other portions of the probes appear
negligible: in all cases, the 4-hydroxybenzyl alcohol linker
shows no interaction with the HPSE binding pocket. Overall,
compounds 0F, 2F, and 4F have nearly identical interactions
with HPSE. We then compared the probe/HPSE interactions
with those of HADP (Figure 5D, Movie S4) to determine if
the binding mode would be different. We observed the very
same mode of interactions for HADP as with probe 4F, which
parallels both probes experiencing turnover by HPSE (Figures
2, 3, and Supplementary Figure S3). To further understand the
divergent activities of 2F and 4F, Mulliken charges were
calculated for the glycosidic bond in each compound and
compared to HADP. In general, both 2F and 4F retained the
partial negative charge on the oxygen atom compared to
HADP while exhibiting a notably larger positive charge on the
anomeric carbon (Supplementary Table S1). This increased
separation of charge, combined with the greater calculated
bond length, explains the activity of 4F compared to 2F.
Collectively, the data suggest that the substitution of another
imaging moiety or cargo for 4-MU will not appreciably affect
the activity observed for the tetrafluoro-scaffold examined here,
allowing its use as a universal scaffold.

■ CONCLUSIONS
Attempts to create disaccharide-based HPSE substrate-based
probes generally pursue one of two strategies: (i) modify the
disaccharide to improve binding and recognition by HPSE, or
(ii) modify the aglycone leaving group to adjust the strength of
the glycosidic linkage. Strategy (ii) was implemented in this
report and proved successful in the creation of probe 4F, as it
did in our development of HADP previously.20 In pursuit of
strategy (i), the addition of a 6-O-sulfate group to the
glucosamine residue afforded a probe that was unresponsive in
our hands,20 but its slow kinetics were ascertained by others.27

While this probe leverages the known affinity of HPSE for
substrates bearing this 6-O-sulfate moiety,28 this additional
interaction resulted only in a sluggish conversion rate for the
probe. Notably, when this 6-O-sulfate moiety is absent, the
activity of the resulting compound has met with mixed
results.20,29 Taken together, these studies suggest that adjusting
the glycosidic linkage better emulates the conformational
changes that occur during HPSE’s native endo-glycosidase
mechanism.28 This conclusion is supported by the docking
studies reported here which indicate similar modes of
interaction for 0F, 2F, 4F, and HADP with HPSE, suggesting
this binding arrangement already accommodates enzymatic
turnover when paired with a sufficiently tuned glycosidic
linkage. Considering the disparate responses of 2F and 4F to
HPSE, the tetrafluoro-linker may provide this necessary
tuning; this likely means that any cargo can be attached for
HPSE-directed release, without having to meet any threshold
of electron-withdrawing capacity. Similarly, the docking results

Figure 5. Binding map of (A) 0F, (B) 2F, (C) 4F, and (D) HADP with HPSE. (E) The probe/HPSE interactions from the models, within the
amino acid sequence of human HPSE.2,26 Amino acids interacting with probes are bolded and highlighted. The catalytic dyad is marked in red.
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show the reporters extending toward the outside of the binding
pocket; the linker may allow larger cargo to extend into free
space, reducing potential steric hindrance during probe
binding.19 With this in mind, further probe development
using the disaccharide tetrafluoro-linker scaffold reported here
holds promise. We expect that this disaccharide-linker scaffold
will allow access to a variety of new HPSE-responsive imaging
probes and drugs enabling the targeting of HPSE in a variety of
contexts.
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