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Abstract

Heparanase is an enzyme which cleaves heparan sulfate (HS) polysaccharides of the extracellular
matrix. It is a regulator of tumor behavior, plays a key role in kidney related diseases and
autoimmune diabetes. We report herein the use of computational studies to extract the natural HS-
heparanase interactions as a template for the design of HS mimicking glycopolymers. Upon
evaluation, glycopolymer with 12 repeating units was determined to be the most potent inhibitor
and to have tight-binding characteristics. This glycopolymer also lacks anticoagulant activity.
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Heparanase is an endo-p-p-glucuronidase that hydrolyzes heparan sulfate (HS)
polysaccharide chains in the extracellular matrix (ECM). This enzyme is regarded as a
regulator of aggressive tumor behavior as recent clinical studies have demonstrated that
raised heparanase levels correlated with increased tumor size,1¢ amplified tumor
angiogenesis, 14 enhanced metastasis, 1€ and poor patient prognosis.1f The enzyme cleaves
GlcAB1,4)GIcNS glycosidic bonds (Figure 1) of the HS chains releasing sequestered pools
of HS oligosaccharide-binding growth factors for signaling activation to promote
angiogenesis.2 Cleavage of HS also degrades the structural integrity of the basement
membrane and ECM, permitting malignant cells to enter the blood stream and metastasis.>
Heparanase also plays key a role in Type 1 diabetes as it destroys HS chains within the
insulin-producing B cells and causes their death.* Recently, it has been reported that
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degradation of HS chains aids in the progression of nephrological diseases® and releases
bound herpes simplex virus-1 for entry into the host.®

Heparanase and its main activity has been known for over 30 years.” A recent major
breakthrough was the report of the crystal structure of the enzyme in its gpo form as well as
when bound to several HS ligands.8 In the crystal structure the ligand was bound inside a
10A binding cleft with the GIcAB1,4)GIcNS in the +1 and -1 subsites (Figure 1),° adjacent
to the catalytic residues (Glu225 and Glu343).1 This cleft is flanked by heparin-binding
domains (HBD-1 and HBD-2).8 Inhibitors of heparanase are anticancer therapeutics, with
carbohydrate mimetics being advanced to clinical trials.}

Although HS mimetics are potent heparanase inhibitors, they are heterogeneous and
nonspecific, which could lead to unforeseen adverse effects.10 Heparin inhibits heparanase
(IC50=1 pg/mL),12 but its anticoagulant activity has limited its use for cancer treatment due
to the risk of bleeding complications.1? Heparin derivatives, SST0001 and M402,13 are
known to enhance heparanase inhibition; while SST001 finished Phase I trials in 2016,
M402 was halted after Phase I trials. PI-88, a sulfated oligomannan mixture, is
heterogeneous in both size and sulfation pattern.14 P1-88’s clinical trials were ended, as
patients developed antibody-induced thrombocytopenia.l: 1> While PG545 completed Phase
I clincal trials in 2015, it had to switch from subcutaneous injection to IV due to injection
site reaction.12 Clearly, there is an urgent need to identify structurally-defined, potent and
specific heparanase inhibitors that overcome these limitations.12P

To identify novel heparanase inhibitors of known structure, one could consider synthetic HS
polysaccharides. However, well-defined polysaccharide synthesis is a formidable challenge.
Thus, saccharide- functionalized neo-glycopolymers, which retain the key biological
properties of the natural polysaccharides, could be explored.16 HS mimicking neo-
glycopolymers have yet been examined as potential inhibitors of heparanase.1® Herein, we
describe the design, synthesis, and evaluation of glycopolymers for inhibiting heparanase
activity. Our strategy addresses the unmet challenges of heterogeneous sulfation, cross-
bioactivity, and HS polysaccharide mimetics.

We designed monomer 2 containing a polymerizable scaffold” and the
[GIcNS(6S)a(1,4)GlcA] disaccharide unit (Figure 2), essential for heparanase recognition.18
Monomer 2 will then undergo ring-opening metathesis polymerization (ROMP) to form
glycopolymers that could mimic the multivalent nature of HS polysaccharides.1® The
disaccharide unit of 2 lacks iduronic acid (IdA) unit, a key for the anticoagulant properties
that could have limited the use of other HS carbohydrate mimetics.16¢ Since the distance
between HBD-1 and HBD-2 is about 25 A (Figure S10), the [GIcNS(6S)a.(1,4)GIcA]
moiety was joined to the diethylene glycol-containing azide linker that could interact with
heparanase’s catalytic sitel® and undergo a “click” reaction with an alkyne unit of a scaffold
A (Figure 1).172 We propose that the scaffold A’s carboxylate group could interact with the
positively charged residues of heparanase’s HBDs. Monomer 3 serves as a control to
determine the effect of the carboxylate group on the binding. Since heparanase hydrolyzes
the B-glycosidic bond of GIcAB1,4)GIcNS, replacement of the GIcNS unit with an aliphatic
scaffold as seen in 2 and 3 could potentially disrupt heparanase’s hydrolytic nature.1® The
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monomers are endowed with a strained bicyclic ring that undergoes ROMP to generate the
glycopolymers.1” Incorporation of carbohydrate units onto ROMP polymers was first
conceived by Kiessling. 16¢ ROMP based polymer systems were later explored by the Hsieh-
Wilson group to generate [IdoAB1,4)GIcNS]-functionalized polymers as anticoagulant
heparin mimetics.16¢

To validate our design, docking studies were explored. Since there are no computational
programs that could manage the docking of glycopolymers, the monomeric precursors were
investigated in our computational studies. We commenced our docking studies first with
tetrasaccharide 1 (Figure 2), a heparanase substrate, into the gpo crystal structure of human
heparanase (PDB code: 5E8M).8 We chose 1 as a model substrate to determine its location
in the binding pocket and as a comparison to our designed monomers. Several salt bridges
were formed, with key residues being —2 6- O-sulfate with Lys159 and +1 A-sulfate with
Lys231 (Figure S11). The ligand-receptor complex was then subjected to a molecular
dynamics (MD) simulation to validate the structure’s stability (Figure S11). During the
simulation, a hydrogen bonding network between -2 Atsulfate with Asn64, Gly389, and
Tyr391 anchored the GIcA-GIcNS(6S) bond of 1 in close proximity (3.2 — 3.75 A) to the
catalytic residues for cleavage (Figure S11).20 The docking of 2 and 3 was next examined.
Analysis of 2 and 3 placed GIcNS(6S)a(1,4)GIcA moiety at the —1/-2 subsite (Figure S11)
analogous to 1. Intriguingly, the triazole moiety of these monomers had r-cation and
hydrogen bonding interactions with the active site of heparanase. Most importantly, the
orientation and distances of the cleavable bond to Glu225 and Glu343 were now farther, and
skewed away, making hydrolysis unlikely (Figure $S11).20 The attached aliphatic side chain
of the scaffold was found in the binding groove forming a network of hydrophobic, r-cation,
and hydrogen bonding interactions.1%¢ The strained bicyclic ring of the scaffold tended to
stay above the binding groove during the duration of the MD simulation and negates any
differences between the linkers in this portion. The difference between monomers 2 and 3
were their interactions with HBD-2. While 3 had little interactions with HBD-2, the
carboxylate of 2 interacted with HBD-2 (Figure S11).

To determine if these structural differences corresponded to 7 vitro changes in inhibition of
heparanase, the synthesis of monomers 2 and 3 were then investigated. Due to the 1,2-c¢is-2-
amino linkage nature of the GICNS(6S)a.(1,4)GIcA disaccharide unit, control of its
stereoselective formation is quite challenging.?! Capitalizing on our reported nickel-
catalyzed 1,2-cis-2-aminoglycoside methodology,22 we investigated the direct coupling of
GIcA acceptor 7 with GIcN donors 4 — 6 (Scheme 1) having pivaloyl (Piv), triethylsilyl
(TES), and benzyl (Bn) groups, respectively, at O-4. Under our nickel conditions,
disaccharides 9-11 were formed in 52-85% yield with exclusive a-selectivity. To explore
the reproducibility, 11 was chosen for a large-scale preparation. The product 11, utilized for
later preparation of 24 (Figure 4), was isolated in similar yield and a-selectivity (2.1 g, 79%
yield, a only).

With the ability to produce the GIcNS(6S)a.(1,4)GIcA disaccharide precursors in
stereoselective control and large quantities via nickel catalysis, we next investigated the
suitable protecting groups at O-4 position of GIcN donor and at -2 and O-3 of GIcA
acceptor that has some degree of orthogonality among protecting and functional groups and
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can be selectively cleaved prior to the ROMP event. To this end, the naphthylmethyl (NAP)
group is suitable and could be removed using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ). With these considerations in mind, we conducted the glycosylation of GIcA
acceptor 8 with GIcN donor 12 (Scheme 2). Disaccharide 13 was stereoselectively prepared
in high yield (79%, a only). We then explored the conditions for sulfation at C(6)-hydroxyl
and C(2)-amino groups. We were delighted to find that the C(6)-acetyl group in 13 could be
selectively removed using sodium methoxide (1.5 equiv.) in methanol. The A-benzylidene
group was removed in less than 5 min with HCI in acetone. Selective sulfation with
SO3-Me3N vyielded sulfated disaccharide 14 in 65% over three steps. Subsequent DDQ
treatment of 14 afforded 15 in 75% yield. A “click” reaction of azide 15 with the alkyne unit
of scaffold A (Figure 1) provided 16, which would be utilized for later polymerizations.
Global hydrolysis of 16 provided diantennary monomer 2 in 94% yield (Scheme 2).

On the basis of docking studies (Figure S11) and the heparanase inhibition activities (vide
infra, Figure 3), we investigated a series conditions for ROMP of monomer 16 with Grubbs’
I11 catalyst 23 (Table 1). Use of weakly coordinating 2,2,2-trifluoro-ethanol (TFE) as part of
the co-solvent system, [2.5:1, (CH,Cl),/TFE], prevented catalyst deactivation and allowed
ROMP to proceed to completion within 1 h. Varying the amount of catalyst (9 — 20 mol%)
allowed for precise control over the degrees of polymerization, (DP =5 — 12). Increasing DP
is known to increase binding,16¢ unfortunately under these conditions lowering catalyst
below 9 mol% resulted in low conversion. After polymerization, both DP and molecular
weights (M,,) were determined by 1H-NMR end group analysis (Table 1).23 Polymers were
then hydrolyzed and purified by dialysis to remove impurities, affording polymers 20-22
(Table 1). The turbidimetric assay was also conducted to quantify sulfate content in
polymers, and sulfate content is equal to 1.86 per disaccharide unit.24 Due to their
amphiphilic nature, these glycopolymers aggregate to form micelles. Using transmission
electron microscopy (TEM) and dynamic light scattering (DLS), the shape and size of these
polymers 20-22 were determined to be spherical with uniform Z-average radii in the range
of 70 — 90 nm (PDI = 14.7-20.1%) (Figures S4 and S5). Fig. 3 Inhibition of heparanase by
HS mimicking monomers and neo-glycopolymers using TR-FRET assay.

The heparanase inhibition activities of monomers 2 and 3 (see Scheme S1) as well as
polymers 20-22 were then assessed by /in vitro TR-FRET assay against fluorescent-tagged
heparan sulfate.2> For the monomer series (Figure 3), monoantennary monomer 3 exhibited
no increase in binding (49.44 = 1.56 pM) when compared to that of control disaccharide 24
with no attached scaffold (ICsq = 50.07 + 3.46 uM). The results suggest that the strained
oxanorbornene system and attached linker had no influence on binding, as seen in the MD
simulation. Diantennary monomer 2 is the most potent compound with 1Csq value of 11.59
+ 0.95 pM. Comparing monomers 2 and 3, it was deemed that the carboxylate of the
diantennary scaffold is of importance as it enhances the binding to heparanase (R&D
Systems). The increase in binding was apparent in the inhibition of heparanase with
glycopolymers 20 — 22, as ICsq values decreased by 1000-fold to the nanomolar range
(Figure 3) even at a low DP of five (20, 7.49 £ 0.48 nM). Polymer 21 (DP = 9) was slightly
more effective with an 1Cgq value of 4.43 £ 0.13 nM. Polymer 22 (n=12) was the most
potent inhibitor. We also measured the inhibitory activity of heparin (MW = 18kDa) against
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heparanase (ICsg = 0.54 £+ 0.028 nM). Interestingly, when fitting the saturation curve for
inhibition of 22 to the standard hyperbolic function, a high degree of variation was observed.
When applying the standard hyperbolic fit, the ICgq for 22 was comparable to the enzyme
concentration.28 As such, refitting the inhibition of 22 (Figure 4) to a tight-binding equation
(see SI) resulted in a fit with little variation from the data and extrapolated an ICgq value of
0.10 + 0.036 nM.27 Importantly, critical micelle concentration (CMC) value of 22 (3.3 uM,
see Figure S2)28 is significantly above its ICs value, suggesting that heparanase is inhibited
by unicellular glycopolymer strands rather than micelles.2® We also performed CMC of 22
at different concentrations below its measured CMC using the same FRET assay conditions.
We observed that there was no change in the fluorescence ratio of fluorogenic probe pyrene,
suggesting that the inhibitory activity is not due to aggregation assisted by heparanase.

We also assessed anticoagulant activity of 22 in comparison to heparin (MW = 18 kDa) and
LMWH (MW = 3 kDa).16¢ Polymer 22 (ICsq > 4500 nM) did not inhibit either FXa or Flla
(see SI). To compare, LMWH exhibited a much higher activity against FXa (266 + 11.5 nM)
and heparin for Flla (4.63 £ 0.22 nM) (Figures S6 and S7). These results illustrate 22 is as
potent as heparin at inhibiting heparanase activity. In contrast to heparin, 22 has no cross-
anticoagulant activity.

A colorimetric assay was next performed to determine if cleavage of the disaccharide unit
from the polymer scaffold of 22 is possible using a tetrazolium sodium salt (WST-1), which
reacts with a newly formed anomeric hemiacetal (Figure 5).39 Over 21 h, there was no
change in absorbance for the sample containing a mixture of 22 and heparanase relative to
the control. This result suggests that 22 is not hydrolyzed by heparanase. In stark contrast,
Fondaparinux, whose structure incorporates a scissible disaccharide GIcAp1,4)GIcNS(6S)
unit, was readily cleaved by heparanase (Figure 5).

Rational design allows access synthetically well-defined HS-mimicking neo-glycopolymers,
with control and predictable degree of polymerization, which are highly potent against
heparanase and exhibit no anticoagulant activity. Several key biological assays are under
investigation to illustrate that the glycopolymers are viable for cancer therapeutics and will
be reported in due course.

Financial support from the NIH (GM098285) and the University of lowa (computational
resources) are acknowledged. The authors also acknowledge Dr. Sai Ramadugu for
assistance in computational studies, the Sebag group for assistance in TR-FRET assay as
well as Professors Dan Quinn and Todd Lowary for helpful discussions.
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Scheme 2.
Synthesis of monomer 2. Conditions: a) 15 mol% Ni(OTf),, 8, CH,Cls, 35 °C, 12 h, 79%, a

only; b) NaOMe, MeOH; c) HCI, acetone; d) SO3.Me3N, EtzN, DMF, 55 °C, 65%, 3 steps;
e) DDQ, PBS/CH,Cl5, 75%; f) scaffold A, Cul, DBU, DMF, 50 °C, 64%; g) LiOH, THF/
H»0, 94%.
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