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Heparanase, a Key Enzyme in Cancer and Viral Infections
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Abstract: Pixatimod (PG545), a heparan sulfate (HS) mimetic
and anticancer agent currently in clinical trials, is a potent
inhibitor of heparanase. Heparanase is an endo-f3-glucuroni-
dase that degrades HS in the extracellular matrix and base-
ment membranes and is implicated in numerous pathological
processes such as cancer and viral infections, including
SARS—CoV-2. To understand how PG545 interacts with
heparanase, we firstly carried out a conformational analysis
through a combination of NMR experiments and molecular
modelling which showed that the reducing end B-D-glucose
residue of PG545 adopts a distorted conformation. This was

followed by docking and molecular dynamics simulations to
study the interactions of PG545 with heparanase, revealing
that PG545 is able to block the active site by binding in
different conformations, with the cholestanol side-chain
making important hydrophobic interactions. While PG545
blocks its natural substrate HS from binding to the active site,
small synthetic heparanase substrates are only partially
excluded, and thus pentasaccharide or larger substrates are
preferred for assaying this class of inhibitor. This study
provides new insights for the design of next-generation
heparanase inhibitors and substrates. )

Introduction

Heparanase is an endo-f3-glucuronidase responsible for degra-
dation of heparan sulfate (HS),!" a highly sulfated polysacchar-
ide found on the mammalian cell surface and extracellular
matrix (ECM). Degradation of HS by heparanase has been
implicated in metastasis, tumor growth, angiogenesis,” and
viral pathogenesis,” as well as numerous other pathologies™
where inflammation plays a role. Heparanase overexpression
has been observed in all human tumours and is correlated with
the angiogenic and metastatic activity of tumour cells.”
Heparanase is now a well-established target for anticancer drug
development.”” Several heparanase inhibitors have progressed
to clinical trials, including pixatimod (PG545) 1 (Figure 1) which
is currently in Phase 2 clinical trials in combination with
nivolumab (ClinicalTrials.gov Identifier: NCT05061017).” PG545
is an HS mimetic that exhibits multiple therapeutic activities

from immunomodulatory to antiangiogenic activity through
interaction with numerous angiogenic growth factors (for
example, VEGF and FGF) and potent inhibition of heparanase.
PG545 has also recently shown potent antiviral activity against
a number of viruses,”® including SARS—CoV-2,” with its antiviral
effects attributed, in part, to inhibition of heparanase. Studying
the interactions of PG545 with heparanase is thus important to
understand how this clinical candidate exerts its therapeutic
effects. The outcomes could guide design of next-generation
heparanase inhibitors.

X-ray crystal structures of human heparanase in the apo
form (pdb code 5E8M) and in complex with several HS
oligosaccharides have been determined."” These X-ray struc-
tures reveal how an endo-acting binding cleft is exposed by
proteolytic activation of latent proHPSE, and also confirm the
presence of the catalytic residues Glu225 (acid/base) and
Glu343 (nucleophile) in the enzyme binding cleft. Molecular
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Figure 1. Structures of pixatimod (PG545) 1, showing labelling of D-glucose residues (I-IV) from the reducing end, and other compounds considered in this

study (2-4).

docking and molecular dynamics (MD) simulations play an
important role in drug discovery, and such studies can also be
helpful for studying heparanase inhibitors. Based on the above
crystal structures, several heparanase inhibitors have been
modelled with heparanase and their interactions with heparin-
binding domains (HBDs) and the catalytic site were explored.""
These studies include the modified heparin polysaccharide
roneparstat,'® a synthetic HS glycopeptide,"'¥ sulfated
glycopolymers"™ and small molecule inhibitors."'? Active
heparanase possesses hydrophobic pockets around the catalytic
site, which potentially makes it a good target for amphiphilic
molecules. PG545 contains lipophilic groups that can make van
der Waals interactions with these hydrophobic residues.®'?
Unfortunately, attempts to soak solutions of PG545 into
heparanase crystals to obtain a co-crystal complex were not
successful and no electron density was observed for PG545 in
the X-ray crystal structure. Herein we describe the conforma-
tional analysis of PG545 as determined through NMR experi-
ments in combination with molecular modelling. This is
followed by docking and MD simulations to study the
interactions of PG545 with heparanase, including simulations in
the presence of a fluorogenic disaccharide substrate. These
studies reveal new insights into how PG545 engages with its
target and provide important information about the suitability
of different types of heparanase assays for this class of inhibitor.

Results and Discussion

NMR analysis of PG545

The 'H and >C NMR chemical shifts for PG545 have been fully
assigned previously."® Herein PG545 was analysed for its intra-
and inter-residue connectivity through 1D and 2D NMR experi-

ments and MD simulations. PG545 is a highly sulfated
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tetrasaccharide glycoside comprising a-(1—4)-glucose residues
B-linked to cholestanol (Figure 1). The 'H NMR signals for the
anomeric protons of PG545 from residues Il (5.34 ppm), Il
(5.40 ppm) and IV (5.45 ppm) show coupling constants J,, of
3.69, 3.73 and 3.37 Hz, respectively, confirming their a-anomeric
linkage. The signal for the -anomeric proton of residue | is
located upfield as expected (4.81 ppm) but with an unusual
coupling constant of 4.97 Hz (see below). Intra- and inter-
residue H—H interactions were obtained by selectively irradiat-
ing the anomeric proton of each sugar residue using one-
dimensional selective versions of the NOESY and TOCSY
sequences. H1 of each sugar residue shows intra-residual NOE’s
with H2—H6, and some inter-residual NOE's to adjacent residues,
which can be seen in overlaid spectra (Figure 2 for residue |,
and Figure S1A-C, Supporting Information, for residues II-IV).
Shown at the top of each of these figures are the 'H NMR
spectra between 0-5.8 ppm overlaid with the selective 1D
versions of the TOCSY and NOESY spectra, plus the 1D-TOCSY
spectrum from irradiation of a proton on an adjacent residue.
The bottom of each figure shows the 'H-"°C HSQC-TOCSY
spectrum used to aid assignment.

Selective irradiation of H1 of residue | shows strong intra-
residual NOEs with H3 and H5, medium strength NOEs for H2,
H4 and Héb, and a weak NOE for 6a (Figure 2A). H1 also shows
medium to weak inter-residual NOE interactions with H1 of the
adjacent residue Il (~5.4 ppm), and H3'(~3.6 ppm), H1'f, H2'a/
B, H4'a/B, H5 and H6'B of cholestanol. The 1D selective TOCSY
spectrum of residue | confirms intra-residual connectivity from
H1 of | to H2, H3, H4, H5 and H6. Residues Il, Ill and IV were
examined in a similar manner (see Figure STA-C), confirming
the expected intra- and inter-residual connectivity. The H3’
signal of the cholestanol moiety at 3.6 ppm was resolved from
all other sugar and steroid signals. Selective irradiation of the
H3'’ residue of cholestanol and application of a NOESY sequence
gave the 1D NOE spectrum which was overlaid with the 2D
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Figure 2. A) Overlaid 'H, 1D-TOCSY and 1D-NOESY spectra of PG545 with selectiv:

e irradiation of H1 of sugar residue I, and 1D-TOCSY following irradiation of

H3’ of cholestanol (top). Black letters - intra-residue correlations, blue letters — inter-residue correlations in 1D-NOESY. All NOE’s are marked on the PG545
structure with blue * while the irradiated proton is marked with red *. B) 2D 'H-*C HSQC-TOCSY spectrum (blue) (600 MHz, 298 K) overlaid with 1D NOE

spectrum on selective irradiation of H1 of residue | (at 4.81 ppm).

NOESY spectrum (Figure S2). This provided a simple way to
assess the intra- and inter-residue connectivity of the choles-
tanol moiety with the sugar residues. H3’ of cholestanol shows
extensive NOE interactions with residue | with a strong NOE to
H1(l), and medium to weak NOEs with H2(l), H3(l), H4(l), H5(l),
Hé6a/b(l), and with multiple cholestanol signals (for example,
1Ta/B, 2'a/B, 4'0/p, 5). Taken together there are many inter-
residue NOE's identified in the spectra shown in (Figures 2 and

Chem. Eur. J. 2022, 28, €202104222 (3 of 10)

S1, S2) between the sugar residues |, I, lll, IV, the sugar residues
and cholestanol and within the cholestanol moiety that reflect
the conformational preferences of PG545.

Furthermore, intra- and inter-residue H-H distances were
calculated on the basis of the NOEs measured in the spectra
and then the NMR data and MD simulations (see below) were
used to investigate the conformation of PG545. The measured
NOEs were classified as strong, medium, and weak (Table 1),
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Table 1. Intra- and Inter-residue NOE data obtained for PG545. Distance
constraints used for classification: strong 1.8-2.8 A, medium 2.9-3.3 A and
weak 3.4-6.0 A. The effective H—H distance rNOE was calculated from the
peak integral | using the equation ryoe =r. (/). * Virtual NOE distance,
multiple H—H pairs contribute.

Atom pair Experimental MD simulation [A]  Classification
distance [A] + std. dev
H1(1)-H2() 2.5 (ref) 26+0.15 Strong
H1()—H3(l) 4.0 42+0.11 Weak
H1(1)—H4() 4.5 4.8+0.20 Weak
H1()—H5(1) 35 3.7£0.60 Weak
H1(I)-Hé(1) 4.1 43+035 Composite*
H1(1)- H3(chol) 3.2 2.9+0.35 Medium
H1(D-H1() 6.0 6.0+0.30 Weak
H1(I)—H3(1) 3.1 3.1£0.60 Medium
H1(I-H4(1) 2.7 24+0.23 Strong
H1(1)—H5(1) 3.8 3.9+0.54 Weak
H1(l)—-Héa(l) 5.1 5.1+0.46 Composite*
H1(1m—H3(11) 3.1 3.7+0.65 Medium
H1(lI—H4(1I) 3.0 2.7+0.33 Medium
H1(IV)—H3(llI) 3.1 3.6+0.35 Medium
H1(IV)—H4(lIl) 29 2.7+0.32 Strong
H3(chol)-H2(chol) 2.3 2.3+0.09 Strong
H3(chol)-H1(l) 3.2 2.74+0.35 Medium
H3(chol)—H2(l) 3.7 3.9+0.89 Weak
H3(chol)—H4(1) 5.1 5.7+0.47 Composite*
H3(chol)—H5(1) 4.2 47+0.72 Composite*
H3(chol)—Hé6a(l) 3.8 42+1.15 Weak
H1(I)—H3(1I) 3.8 3.8+0.11 Weak
H1(I)-H5(11) 3.8 3.7+0.10 Weak
H1(I)-Hé(a/b) (I) 4.2 4.7+0.33 Composite*
H1(m—=H3(I) 3.7 3.8+0.11 Weak
H1(I)—H4(111) 43 41+0.16 Composite*

and the H1-H2 (2.5 A) distance of internal glucose residues was
used as a reference distance. The H—H distances measured from
the NMR data and the MD simulations were in good agreement,
and together with the J;, values (3.37-3.73 Hz), are consistent
with a “C, conformation for internal residues. Unfortunately, the
determination of other 3J,, coupling constants to support the
conformation of these residues was not possible due to signal
overlap and broadening. Importantly, the NMR spectroscopic
data also support a distorted conformation for residue | of
PG545, in accordance with the known conformational prefer-
ences of fully sulfated [-D-glucopyranosides (but not their
corresponding non-sulfated or a-linked congeners).' The
signal for H1 appears as a doublet with J;,=4.97 Hz which is
similar to that reported for fully sulfated methyl $-D-glucoside
(J1,=5.0 H2)"*" which displays a skew boat-like conformation
intermediate between *°B and 3S,. In comparison, the corre-
sponding doublet for non-sulfated PG545 (2)"" shows J,,=
7.77 Hz (Figure 3A) which is in the typical range for a “C, chair
conformation. Furthermore, strong H5-H1 and negligible
H5—H3 NOEs (Figure 3B) confirm a distorted ring conformation
(the H5—H3 NOE should be strong if the sugar was in a
conventional *C; conformation). This is further supported by the
presence of a moderate NOE between H1-H2, which would
also be negligible for a *C, chair conformation.

Chem. Eur. J. 2022, 28, €202104222 (4 of 10)

MD simulations of PG545

The glycosidic torsions of PG545 were investigated from MD
simulations (400 ns production runs) (see Figure S3, Table S1).
Two-dimensional (2D) free energy surfaces of ¢/y glycosidic
torsions were constructed for the glycosidic linkages of a-D-
Glu(IV)-(1—4)-D-Glu(lll), a-D-Glu(ll)-(1—4)-D-Glu(ll), a-D-Glu(ll)-
(1—4)-D-Glu(l) and B-D-Glu(l)-(1—3")-Chol (Figure 4), and were
analysed for the flexibility of glycosidic linkage across the
residues. The free energy surfaces of PG545 in Figure 4 show a
single and narrow free energy minimum for the disaccharides
a-D-Glu(IV)-(1—4)-D-Glu(lll) (¢p=-72.6, »=-31.8), and a-D-
Glu(ll)-(1—4)-D-Glu(ll) (¢p=-73.7, v»=-51.3). The glycosidic
linkage for a-D-Glu(ll)-(1—4)-D-Glu(l) displays a significant
degree of flexibility, associated with the presence of the local
minimum of free energy characterized by the free energy levels
below 0.5 kcal/mol. The minimum is located at ¢ =—46.7, =
19.7. Similarly, the minimum for [3-D-Glu(l)-(1—3)-Chol is
located at ¢ =273, ¥=50.6. Examples of the preferred
conformations of PG545 obtained from the MD simulations
with interglycosidic distances matching the corresponding
restraints in Table 1 are depicted in Figures 4 (bottom) and S4.

A previous study"® has reported that neighboring glycosidic
linkages are affected by the conformation of the sugar rings
only to a minor extent. The free energy surface didn't provide
insight into the ring conformation. Therefore, we analysed the
ring puckering of the sugars by obtaining the average
azimuthal angle 6 and monitoring simulation time versus 6
(Figure S5). Residue | is in equilibrium between two conforma-
tions as indicated by azimuthal angle #=180° and 90°. We
visualised and monitored the meridian angle ¢ when 6=90°
(Figures 4 and S5). The results show a skew boat-like conforma-
tion intermediate between *°B, °S, and S, for residue I. The
data for residues Il and Il suggest the rings are in a *C,
conformation. The standard deviation of the azimuthal angle 6
and the plot for residue IV suggest the ring flips between the
*C, and 'C, conformations as characterized by 6 values of
around 0° and 180°, respectively. The amplitude Q which is the
magnitude of puckering did not fluctuate much (~0.5) for all
four rings.

Inhibition of heparanase by PG545

The inhibition of heparanase by PG545 has been determined
previously via the fondaparinux assay"” with K =4.44-
6 nM,">'¥ or via an ultrafiltration assay"® which uses radio-
labelled HS (ICs,=40 nM)."® Using the fondaparinux assay, it
was shown that PG545 inhibits heparanase with parabolic
competitive kinetics,"® indicating that PG545 may bind to two
sites on the enzyme, suggested to be the hydrophobic regions
adjacent to the active site, with each interaction sufficient to
completely inhibit catalysis. Recently, we synthesized a fluoro-
genic, 4-methylumbelliferyl HS disaccharide (3) as a heparanase
substrate®™ and showed that, while turnover was slow, it was
still suitable for assaying heparanase activity and inhibitor
screening. We thus utilized this new assay to test the kinetics of
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Figure 3. A) Stacked 'H NMR spectra of PG545 (1) (top-green) and its non-sulfated precursor (2) (bottom-red); B) 2D NOESY spectrum of PG545.

heparanase inhibition by PG545 and obtained a K; of ~12.9 uM,
several orders of magnitude less potent than that obtained
from the fondaparinux assay (Figure S6A). Given PG545 is
typically considered a tight heparanase binder, we also
modelled its inhibition of heparanase-3 processing using the
‘Morrison’ quadratic method,?” which can be used in cases
where K; is comparable to the enzyme concentration in the
reaction. We calculated a very similar inhibition constant (K;=
20.1 uM) using this method, confirming the poor performance
of PG545 against fluorogenic substrate 3 (Figure S6B). These
results suggest that PG545 binding to heparanase readily blocks
access to the active site for large substrates (for example, HS or
the pentasaccharide fondaparinux 4), but is less effective

Chem. Eur. J. 2022, 28, €202104222 (5 of 10)

against smaller substrates such as 3.*” Heparanase assays that
utilize large substrates®” are thus preferred for determining the
inhibition kinetics of this class of inhibitor.

Molecular modelling of PG545—heparanase interactions

The unsuccessful co-crystallisation experiments with hepara-
nase, coupled with the previously reported parabolic inhibition
kinetics and the anomalous inhibition when assayed using
disaccharide substrate 3, prompted the investigation of the
interactions of PG545 with heparanase via docking and MD
simulations. We chose to use the crystal structure of heparanase

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 4. Top: Free energy surfaces (kcal/mol) of PG545 for the ¢/ glycosidic angles of A) 3-D-Glu(l)-(1—3)-Chol, B) a-D-Glu(ll)-(1—4)-D-Glu(l), C) a-D-Glu(lll)-
(1—4)-D-Glu(ll) and D) a-D-Glu(IV)-(1—4)-D-Glu(lll). Colour maps indicate the ¢/y population with increasing trend from blue to green with green being the
lowest energy state. Bottom: A representative minimum energy conformation of PG545 derived from MD simulations. Residue | is in a skew boat-like

conformation and residues II-IV are in *C, conformations.

in complex with a HS tetrasaccharide (PDB ID: 5E9C)" as a
template. Other crystal structures such 5E8M"® or 6ZDM™
were considered but because 5E8M is in the apo form and a
conformational change is observed in the heparanase structure
in 6ZDM when in complex with 3, they were deemed not
suitable.

Fondaparinux (4) was firstly docked into heparanase using
SeeSAR™! version 10 and shown to span both the HBD-1 and
HBD-2 binding region. The active site was defined based on the

Chem. Eur. J. 2022, 28, €202104222 (6 of 10)

co-crystallised ligand (HS tetrasaccharide) and the structure of
fondaparinux was taken from crystal structure 4R9W. Fondapar-
inux residues fit into subsites —2 to +3 (numbered from non-
reducing to reducing end of the chain®®) where B-GIcA and a-
GIcNS3S6S sit at the —1 and +1 subsites, respectively. This
linkage is shown to reside in proximity to the heparanase
cleavage site near the catalytic residues Glu225 and Glu343.
This model fits with the literature that heparanase cleaves
fondaparinux at the B-GlcA-(1—4)-a-GIcNS356S linkage? and

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202104222

is in agreement with the reported docking of fondaparinux with
heparanase."'¥ Attempts to similarly dock PG545 using SeeSAR
were unsuccessful because SeeSAR cannot dock ligands on the
surface. PG545 was therefore docked using GlycoTorch Vina,?”
a ligand—protein docking program specifically developed for
HS—protein interactions, which provided a ligand—protein
complex. Several ligand—protein complexes of different con-
formations were obtained on docking from which two con-
formations were selected which blocked the catalytic residues
(Glu225 and 343) essential for cleaving substrate (Figure 5). The
two conformations selected were based on the most populated
clusters and the orientation of cholestanol towards the hydro-
phobic surface present near the catalytic pocket (shown in
Figure 5, circled with cholestanol).

The two conformations also cover the catalytic pocket and
lie in the HBD-1 and HBD-2 regions. PG545 interactions for
conformations a and b with key heparanase residues present
near the catalytic pocket were obtained using Discovery Studio
and are shown in Figure S7. Sulfates in conformation a show
electrostatic interactions with Asp 62, Asn 64, Asp 68, Thr 97,
Lys 98, HBD-1 residues (Lys 159, Phe 160, Lys 161), Lys 231,
HBD-2 residues (Arg 272, Lys 274), Arg 303, Tyr 348, Gly 350,
GIn 383, Ala 388, and Gly 389. Cholestanol in conformation a
shows hydrophobic interactions with Lys 231, Arg 272, Lys 274,
and Tyr 348. Similarly, sulfates in conformation b show electro-
static interactions with Thr 97, Glu 225, Lys 231, Lys 232, HBD-2
residues (Gly 269, GIn 270, Arg 272, Arg 273), Arg 303, Lys 325,

Tyr 348, and Ala 388. Cholestanol in conformation b shows
hydrophobic interactions with Ala 388. The two ligand—protein
complexes were then subjected to MD simulations to under-
stand the interactions and dynamics of PG545 in complex with
heparanase. Figure 6 shows representative poses of the most
populated cluster obtained from the MD trajectory of each
system. The simulations of both conformations demonstrate
that negatively charged sulfates on PG545 interact with
positively charged residues on the heparanase surface and that
the cholestanol tends to stay oriented towards the hydrophobic
pocket. The latter help PG545 reside above the catalytic pocket
(Figure 6) to block the catalytic residues (Glu225 and 343). The
binding free energies (AG) of the two complexes were
calculated using MM—GBSA which provided the energy compo-
nents such as AE,py, AEcecro, AGgoy, and AGy,, energy (see
Table 2).

It was determined that conformations a and b were stable
having free binding energy (AG.,) of —49.0+15.9 kcal/mol,
and —71.5+12.4 kcal/mol for conformations a and b, respec-
tively. Further MD simulations were carried out for PG545 in the
presence of disaccharide substrate 3 to investigate the partial
inhibition of hydrolysis of 3 by PG545. An equilibrated
HPSE—PG545 complex was taken of conformation b after 50 ns
of MD simulations and 3 was added by superimposition using
UCSF Chimera. Conformation a in complex with 3 was not
subjected to MD simulations because of a steric clash between
PG545 and 3 after addition to the PG545—HPSE complex. The

Figure 5. Conformations a and b were selected for simulations based on the orientation of cholestanol towards the hydrophobic regions (circled in yellow)
and the carbohydrate chain covering the catalytic pocket. Purple indicates hydrophilic and white tan and circle shows hydrophobic surface.

Table 2. Predicted relative MM—GBSA free energies (kcal mol™') and individual energy terms for selected conformations of PG545—-HPSE complex.

Conformations AEpy Aeectro AGgy, AGiy

conformation a —56.4+7.2 —3502.34+409.5 3509.7 +402.1 —49.04+15.9
conformation b —67.1+6.87 —4121.94155.9 4117.6+1489 —715+124
conformation b w/sub 3 —57.9+6.2 —3481.94108.0 3450+ 102.2 —89.24+143

*All energies are in (kcal/mol); calculated binding energies do not include entropy term and are averaged from a single run. All values consider relative free

energies of binding =+ Std deviation.
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Figure 6. Representative conformations obtained from the most populated cluster of the MD simulations of the PG545—HPSE complexes are shown. Glu 225
and 343 in conformation a and b are shown as spheres in the catalytic pocket covered by PG545. HBD-1 (residues 158-171) and HBD-2 (residues 270-280) are
shown in red and orange, respectively. Conformation b was also subjected to MD in the presence of substrate 3 (green) to investigate the partial inhibition of
hydrolysis by PG545. Average interactions obtained from the MD trajectories are shown in Figure S8. Hydrogens of PG545 and C-terminal of heparanase are

not shown for clarity.

new complex built of conformation b was subjected to MD
simulations and the affinity of PG545 was measured in the
presence of 3. The free energy values obtained from
PG545—substrate—HPSE complex (conformation b with substrate
3) showed that the presence of substrate does not affect the
affinity of PG545 towards heparanase (Table 2). From MD
simulations, it was observed that 3 stays in the catalytic pocket
with GIcA at —1 subsite (as reported)® even in the presence of
PG545 (Figure 6). The running averages of root mean square
deviation (RMSD) for all three simulated systems are shown in
Figure S9. The simulations of all three systems show minor
RMSD from the docked conformation of the complex. This
suggests that the protein doesn’t undergo significant conforma-
tional change upon binding of the ligands.

It was also observed in conformation b without substrate
that the carbohydrate domain of PG545 tends to occupy the
HBD-2 region and cholestanol occupies the hydrophobic pocket
towards HBD-1. This covers most of the active site over the
catalytic pocket but the cholestanol shows flexibility during

Chem. Eur. J. 2022, 28, €202104222 (8 of 10)

simulation, which might allow partial access to small substrates
like 3 to enter, in line with the partial inhibition data obtained
above. PG545 has previously been shown to potently inhibit
the hydrolysis of fondaparinux (4) with K, of ~6nM/\*"®
implying that it completely blocks the large pentasaccharide
substrate from accessing the active site. Further, fondaparinux
was docked using the 4E9C crystal structure using SeeSar
(Figure S10) and was overlaid with substrate 3. This showed
that the pentasaccharide 4 covers both HBD-1 and HBD-2
binding regions whereas the smaller substrate 3 occupies only
the HBD-1 binding region. These findings are consistent with
the notion that PG545 is able to block fondaparinux binding to
the active site of heparanase but is unable to inhibit a smaller
substrate like 3 to the same extent.
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Interaction energy analysis pinpoints important
heparanase—PG545 contacts

PG545 was next analysed for its electrostatic and van der Waals’
interactions with heparanase residues. The PG545—heparanase
complexes obtained from the MD simulations with and without
substrate 3 were used to calculate the pairwise per-residue
decomposition energy between PG545 and heparanase resi-
dues. Figure S8 shows the electrostatic interactions of sulfates
on PG545 with positively charged heparanase residues and van
der Waals interactions of cholestanol with hydrophobic resi-
dues. Conformation-wise analysis of interactions was carried out
using conformation a in the absence of 3 (Figure S8A) and
conformation b in the absence (Figure S8B) and presence
(Figure S8C) of 3, and their interactions with heparanase
demonstrate that PG545 binds to heparanase on the surface
covering the catalytic site and makes electrostatic and van der
Waals interactions with the key residues in HBD-1 and HBD-2
region and other residues around the catalytic pocket. To
summarise, residues 270-275 (GIn—Pro—Arg—Arg—Lys—Thr) from
HBD-1 and residues 159-161 (Lys—Phe—Lys) from HBD-2 along
with other residues such as Lys 98, Ser 226, Asn 227, Lys 231,
Lys 232, Asn 301, Arg 303, Lys 325 and Tyr 348 are the most
crucial residues for PG545 binding through electrostatic inter-
actions. The most crucial for van der Waals interactions with
cholestanol are: Phe 160, Glu 225, Ser 228, Lys 231, Lys 232, GIn
270, Pro 271, Arg 272, Pro 287, Asn 301, Gly 302, Arg 303, Tyr
348, Gly 349, Gly 350, Gly 351, Ala 352, Pro 353, Asn 390.

Conclusion

In summary, structural analysis of PG545 using 1D and 2D NMR
experiments was carried out where intra-, and inter-residue
H—H interactions were obtained by selectively irradiating the
anomeric proton of each sugar residue using one-dimensional
selective versions of the NOESY and TOCSY which were also
analysed in combination with two-dimensional 'H-NOESY, 'H
3C-HSQC-NOESY spectra. The selective 1D TOCSY and NOESY
spectrum of each residue confirmed the intra- and inter-residual
connectivity. Further, intra- and inter-residue H—H distances
were calculated on the basis of the NOEs measured from the
NMR spectra and MD simulations of PG545 and the calculations
from both sources were in agreement. The data also confirmed
the occurrence of a skew boat-like conformation intermediate
between *°B and °S, for residue | at the reducing end which is
not present in 2 (non-sulfated PG545). PG545 was also studied
for its interactions with heparanase by molecular docking and
MD simulations. Docking provided several ligand—protein
complexes of which two conformations were selected having
the cholestanol oriented towards different hydrophobic patches
near the catalytic pocket and with the carbohydrate domain
covering the active site residues (Glu225 and 343). The
ligand—protein complexes selected were then subjected to MD
simulations to demonstrate the interaction and stability of
PG545 in complex with heparanase. Free binding energies (AG)
of the complexes were calculated which showed that the

Chem. Eur. J. 2022, 28, €202104222 (9 of 10)

cholestanol plays a crucial role in PG545 binding together with
electrostatic interactions of the sulfated sugar backbone. MD
simulations of PG545—heparanase and docking of fondaparinux
4 was also performed in the presence of disaccharide substrate
3. The simulations showed that the cholestanol side chain is
flexible and allows partial access to the active site for small
molecules such as substrate 3, but completely blocks the longer
substrate 4. This suggests that smaller substrates such as 3 are
not ideal for assaying heparanase inhibitors of the PG545
structural class. Such inhibitors are best assayed using 4 or
larger substrates.?? Detailed PG545—heparanase interaction
analysis was carried out by calculating the per-residue pairwise
energies and plotting the pairwise per-residue electrostatic and
van der Waals’" interactions. Interactions of all
PG545—heparanase conformations with and without substrate 3
demonstrate that PG545 binds to heparanase on the surface
covering the catalytic site and it makes electrostatic and van
der Waals interactions with key residues in the HBD-1 and HBD-
2 regions and other residues around the catalytic pocket. The
hydrophobic regions available near the catalytic pocket are
crucial for the binding of the cholestanol side chain of PG545.
This study will further aid in developing next generation
substrates and inhibitors of heparanase with improved efficacy.

Acknowledgements

We gratefully acknowledge support from the Australian
Research Council (DP170104431 to VF). M.C. acknowledges
financial support from the University of Queensland PhD
scholarship program. The Advance Queensland Industry Re-
search Fellowship currently supports NSG. GJD is supported by
the Royal Society Ken Murray Research Professorship. LW. was
supported by ERC-2012-AdG-322942 “Glycopoise”. LW. is
currently supported by a Sir Henry Dale Fellowship, jointly
funded by the Wellcome Trust and the Royal Society (Grant
Number 218579/Z/19/Z). We thank Eric Boittier for his technical
assistance. Computational (and/or data visualization) resources
and services used in this work were provided by the eResearch
Office, Queensland University of Technology, Brisbane, Australia
and with the assistance of resources and services from the
National Computational Infrastructure (NCI Australia), an NCRIS
enabled capability supported by the Australian Government.
Open access publishing facilitated by The University of Queens-
land, as part of the Wiley - The University of Queensland
agreement via the Council of Australian University Librarians.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202104222

Keywords: conformational analysis heparan sulfate
heparanase molecular dynamics simulations pixatimod
(PG545)

[1] I. Vlodavsky, R.D. Sanderson, N. llan (Eds). Heparanase: From Basic
Research to Clinical Applications, Springer International Publishing,
Switzerland, 2020.

I. Vlodavsky, N. llan, R. D. Sanderson, Adv. Exp. Med. Biol. 2020, 1221, 3-
59.

A. Agelidis, D. Shukla, Adv. Exp. Med. Biol. 2020, 1221, 759-770.

S. Rivara, F. M. Milazzo, G. Giannini, Future Med. Chem. 2016, 8, 647-680.
a) G. Arvatz, I. Shafat, F. Levy-Adam, N. llan, I. Vlodavsky, Cancer
Metastasis Rev. 2011, 30, 253-268; b) I. Vlodavsky, O. Goldshmidt, E.
Zcharia, R. Atzmon, Z. Rangini-Guatta, M. Elkin, T. Peretz, Y. Friedmann,
Semin. Cancer Biol. 2002, 12, 121-129.

[6] a) E. Hammond, |. Bytheway, V. Ferro. Heparanase as a target for
anticancer therapeutics: New developments and future prospects, in
New Developments in Therapeutic Glycomics, (Eds.: M. Delehedde, H.
Lortat-Jacob), Research Signpost, Trivandrum, India, 2006, pp. 251-282;
b) C. D. Mohan, S. Hari, H. D. Preetham, S. Rangappa, U. Barash, N. llan,
S. C. Nayak, V. K. Gupta, Basappa, I. Vlodavsky, K. S. Rangappa, iScience
2019, 15, 360-390; c) D. R. Coombe, N. S. Gandhi, Front. Oncol. 2019, 9,
1316-1316.

K. Dredge, T. V. Brennan, E. Hammond, J. D. Lickliter, L. Lin, D. Bampton,
P. Handley, F. Lankesheer, G. Morrish, Y. Yang, M. P. Brown, M. Millward,
Br. J. Cancer 2018, 118, 1035-1041.

a)J.S. Said, E. Trybala, S. Gorander, M. Ekblad, J. A. Liljeqvist, E.
Jennische, S. Lange, T. Bergstrom, Antimicrob. Agents Chemother. 2016,
60, 1049-1057; b) A. Supramaniam, X. Liu, V. Ferro, L.J. Herrero,
Antimicrob. Agents Chemother. 2018, 62; c) N. Modhiran, N. S. Gandhi, N.
Wimmer, S. Cheung, K. Stacey, P.R. Young, V. Ferro, D. Watterson,
Antiviral Res. 2019, 168, 121-127.

S. E. Guimond, C.J. Mycroft-West, N. S. Gandhi, J. A. Tree, T.T. Le, C. M.
Spalluto, M. V. Humbert, K.R. Buttigieg, N. Coombes, M. J. Elmore, K.
Nystrom, J. Said, Y. X. Setoh, A. A. Amarilla, N. Modhiran, J. D. J. Sng, M.
Chhabra, P. R. Young, M. A. Lima, E. A.Yates, R. Karlsson, R. L. Miller, Y.-H.
Chen, |. Bagdonaite, Z. Yang, J. Stewart, E. Hammond, K. Dredge, T. M. A.
Wilkinson, D. Watterson, A. A. Khromykh, A. Suhrbier, M. W. Carroll, E.
Trybala, T. Bergstrom, V. Ferro, M. A. Skidmore, J. E. Turnbull, bioRxiv
2021, https://2020.2006.2024.169334.

[10] L. Wu, C. M. Viola, A. M. Brzozowski, G.J. Davies, Nat. Struct. Mol. Biol.
2015, 22, 1016-1022.

a) D. Pala, S. Rivara, M. Mor, F. M. Milazzo, G. Roscilli, E. Pavoni, G.
Giannini, Glycobiology 2016, 26, 640-654; b)R.S. Loka, F. Yu, E.T.

S|

SEY

S

=

)

m

Sletten, H. M. Nguyen, Chem. Commun. 2017, 53, 9163-9166; c) V. N.

Madia, A. Messore, L. Pescatori, F. Saccoliti, V. Tudino, A. De Leo, M.

Bortolami, L. Scipione, R. Costi, S. Rivara, L. Scalvini, M. Mor, F. F. Ferrara,

E. Pavoni, G. Roscilli G. Cassinelli, F. M. Milazzo, G. Battistuzzi, R.

Di Santo, G. Giannini, J. Med. Chem. 2018, 61, 6918-6936; d) W. Yang, Y.

Eken, J. Zhang, L.E. Cole, S. Ramadan, Y. Xu, Z. Zhang, J. Liu, A. K.

Wilson, X. Huang, Chem. Sci. 2020, 11, 6393-6404.

a) S. Elli, M. Guerrini, Adv. Exp. Med. Biol. 2020, 1221, 169-188; b) N.

Sapay, E. Cabannes, M. Petitou, A. Imberty, Biopolymers 2012, 97, 21-34.

[13] V. Ferro, L. Liu, K. D. Johnstone, N. Wimmer, T. Karoli, P. Handley, J.
Rowley, K. Dredge, C.P. Li, E. Hammond, K. Davis, L. Sarimaa, J.
Harenberg, . Bytheway, J. Med. Chem. 2012, 55, 3804-3813.

[14] a) H. P. Wessel, S. Bartsch, Carbohydr. Res. 1995, 274, 1-9; b) K. C. Probst,
H.P. Wessel, J. Carbohydr. Chem. 2001, 20, 549-560; c)L. Liu, I
Bytheway, T. Karoli, J. K. Fairweather, S. Cochran, C. Li, V. Ferro, Bioorg.
Med. Chem. Lett. 2008, 18, 344-349; d) A. G. Gerbst, V. B. Krylov, D. A.
Argunov, A.S. Solovev, A.S. Dmitrenok, A.S. Shashkov, N.E. Nifantiev,
Carbohydr. Res. 2016, 436, 20-24.

[15] M. Chhabra, N. Wimmer, Q. Q. He, V. Ferro, Bioconjugate Chem. 2021, 32,

2420-2431.

6] W. Plazinski, M. Drach, Carbohydr. Res. 2015, 415, 17-27.

E. Hammond, C. P. Li, V. Ferro, Anal. Biochem. 2010, 396, 112-116.

] E. Hammond, P. Handley, K. Dredge, |. Bytheway, FEBS Open Bio 2013, 3,
346-351.

[19] J. K. Fairweather, E. Hammond, K. D. Johnstone, V. Ferro, Bioorg. Med.
Chem. 2008, 16, 699-709.

[20] a) L. Wu, N. Wimmer, G.J. Davies, V. Ferro, Chem. Commun. 2020, 56,
13780-13783; b) J. Liu, K. A. Schleyer, T. L. Bryan, C. Xie, G. Seabra, Y. Xu,
A. Kafle, C. Cui, Y. Wang, K. Yin, B. Fetrow, P.K.P. Henderson, P.Z.
Fatland, J. Liu, C. Li, H. Guo, L. Cui, Chem. Sci. 2020, 12, 239-246.

[21] @) R. A. Copeland, Methods Biochem. Anal. 2005, 46, 1-265; b)J.F.
Morrison, Biochim. Biophys. Acta 1969, 185, 269-286.

[22] M. Chhabra, V. Ferro, Molecules 2018, 23, 2971.

[23] SeeSAR version 10.1; BioSolvelT GmbH, Sankt Augustin, Germany, 2020,
www.biosolveit.de/SeeSAR.

[24] G. ). Davies, K. S. Wilson, B. Henrissat, Biochem. J. 1997, 321, 557-559.

[25] E.D. Boittier, J. M. Burns, N.S. Gandhi, V. Ferro, J. Chem. Inf. Model.
2020, 60, 6328-6343.

[2

=
NS

Manuscript received: November 25, 2021
Accepted manuscript online: January 3, 2022
Version of record online: January 31, 2022

Chem. Eur. J. 2022, 28, €202104222 (10 of 10)

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1007/978-3-030-34521-1_1
https://doi.org/10.1007/978-3-030-34521-1_1
https://doi.org/10.1007/978-3-030-34521-1_32
https://doi.org/10.4155/fmc-2016-0012
https://doi.org/10.1007/s10555-011-9288-x
https://doi.org/10.1007/s10555-011-9288-x
https://doi.org/10.1006/scbi.2001.0420
https://doi.org/10.1016/j.isci.2019.04.034
https://doi.org/10.1016/j.isci.2019.04.034
https://doi.org/10.1038/s41416-018-0006-0
https://doi.org/10.1128/AAC.02132-15
https://doi.org/10.1128/AAC.02132-15
https://doi.org/10.1016/j.antiviral.2019.05.004
https://2020.2006.2024.169334
https://doi.org/10.1038/nsmb.3136
https://doi.org/10.1038/nsmb.3136
https://doi.org/10.1093/glycob/cww003
https://doi.org/10.1039/C7CC04156J
https://doi.org/10.1021/acs.jmedchem.8b00908
https://doi.org/10.1039/D0SC01140A
https://doi.org/10.1007/978-3-030-34521-1_6
https://doi.org/10.1002/bip.21696
https://doi.org/10.1021/jm201708h
https://doi.org/10.1016/0008-6215(95)00131-C
https://doi.org/10.1081/CAR-100108273
https://doi.org/10.1016/j.bmcl.2007.10.071
https://doi.org/10.1016/j.bmcl.2007.10.071
https://doi.org/10.1016/j.carres.2016.10.011
https://doi.org/10.1021/acs.bioconjchem.1c00453
https://doi.org/10.1021/acs.bioconjchem.1c00453
https://doi.org/10.1016/j.carres.2015.07.018
https://doi.org/10.1016/j.ab.2009.09.007
https://doi.org/10.1016/j.fob.2013.07.007
https://doi.org/10.1016/j.fob.2013.07.007
https://doi.org/10.1016/j.bmc.2007.10.044
https://doi.org/10.1016/j.bmc.2007.10.044
https://doi.org/10.1039/D0CC05932C
https://doi.org/10.1039/D0CC05932C
https://doi.org/10.1016/0005-2744(69)90420-3
https://doi.org/10.3390/molecules23112971
http://www.biosolveit.de/SeeSAR
https://doi.org/10.1042/bj3210557
https://doi.org/10.1021/acs.jcim.0c00373
https://doi.org/10.1021/acs.jcim.0c00373

